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NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

TECHNICAL NOTE D-1556

THE LUNAR ORIGIN OF TEKTITESY

By Dean R. Chapman and Howard K. Larson
SUMMARY

Recent research results from the discipline of atmosphere entry aerodynamics
have been applied to the study of tektites, especially those found in Australia.
Hypervelocity ablation experiments with tektite glass have reproduced in the lab-
oratory the same surface sculpture patterns, the same geometric relationships, the
same systematic alteration in internal striae, and the same types of coiled cir-
cumferential flanges as those found on the Australian tektites. The over-all evi-
dence establishes that the australites are objects which have entered the earth's

atmosphere as individual pieces of rigid glass and have been shaped by severe
aerodynamic heating.

Experiments have been conducted on molten glass ejected into the atmosphere
with various viscosgities and velocities. The results demonstrate that the config-
urations commonly formed by the action of aerodynamic pressures on fluid glass do
not resemble the australite primary shapes. These experiments also show that the
dominantly sphercidal forms of the primary australites were formed in an environ-
ment where the atmospheric density was many orders of magnitude less than that at
the earth's surface. These results contradict the hypotheses that the australites
originated from either the earth, or the other atmosphere-shrouded planets.

Various comparisons are made of experimental and calculated characteristics
of tektite ablation. Calculations of the surface temperature during ablation, the
recession rate, the mass loss due to vaporization, and the distortions of internal
glass striae are shown to be in close accord with measurements. The experimentally
confirmed methods of calculation, when applied to the various observed character-
istics of the australites - namely, their amount of ablation, their ring-wave
scﬁlpture patterns, and their distorted internal striae - enable the atmosphere-
entry trajectories to be determined within certain limits. These trajectories are
imcompatible with an origin from outside the solar system, and, in agreement with
the conclusions drawn from studies of their primary shapes, are incompatible also
with origin from the earth and the other planets; the moon is the only known celes-
tial object of origin which is compatible with the australite entry trajectories
determined herein.

1Paper presented at the XIIIth International Astronautical Congress, Varna,
Bulgaria, Sept. 23-29, 1962.



A comparison is made of the distribution of chemical elements in tektites,
earth crust, meteorites, and other cosmic bodies; and a brief discussion is pre-
sented of the chemically differentiated nature of the lunar crust to which the
over-all evidence points.

INTRODUCTION

The scientific literature on tektites now spans a history of over 170 years
and exhibits a wonderful proliferation of diverse hypotheses as to the origin of
these remarkable glass obJjects. In certain respects the history of thought on
tektites has paralleled that on meteorites. During the nineteenth century - the
first century of scientific inquiry on meteorite origin - a plethora of hypotheses
were advanced as to the origin of the stones and irons which fell from the sky:
they were suggested as coming from earth volcanoes, from moon volcanoes, from the
sun, from lightning fusing atmospheric dust, from comets, from the region where
the asteroids now are, from the fixed stars, and from Jupiter and the other planets.
During a comparable period of inguiry on tektite origin - from the first report of
australite discovery by the eminent naturalist, Charles Darwin (184L4), to the
penetrating paper on tektite origin by the American scientist, H. H. Nininger
(1943) - all of these hypotheses independently have been offered in an effort to
explain the puzzling knowledge about tektites. 1In addition, tektites alsc have
been suggested as originating from the splash of a cosmic body impacting the earth,
from drippings left behind when the moon was torn from the earth, from meteoritic
impact on the moon, from ball lightning striking terrestrial sediments, from pre-
historic civilizations remarkably advanced in glass technology, and from ablation
drops shed behind a parent cosmic body passing through the earth's atmosphere.

The extended histories of meteorite and tektite investigations alike provide
ingtructive examples of how puzzles in natural science, which center on mysterious
objects of unknown origin, often are solved: a deluge of hypotheses is advanced
as the inevitable companion of inconclusive initial data; the process of solution
slowly advances through the time honored method of trial and error, wherein each
hypothesis is compared with accumulated observational data and rejected if incom-
patible; progress is made incrementally by rejecting bad hypotheses as well as by
accepting good ones; and some of the key steps, which for decades remain inacces-
sible to the particular scientific disciplines initially concerned with the objects,
often become suddenly comprehensible through "by-product" results from a new, or
different, scientific discipline. It is the design of the present paper to survey
some relatively new research results obtained from the young discipline of
atmosphere entry aerodynamics as applied to the old problem cf tektite origin.

The present work may be fairly termed an example of scilentific by-product.
Both the experimental facilities and the theoretical technigues upon which this
work is based were developed from researches of sclentists whe were unconcerned
with, and generally unaware of, objects called tektites, but were involved with
the problem of protecting spacecraft and missiles from severe atmospheric entry
heating. An initial application of these aerodynamic-entry researches to the
field of tektite study (Chapman, 1960) has indicated the singularly important evi-
dence which aerodynamics brings to bear on the problem of tektite origin. In this
study it was concluded: (1) that the Australian tektites exhibit unmistakable
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evidence of having been shaped by aerodynamic ablation of rigid glass objects
during hypervelocity entry into the earth's atmosphere, and (2) that this aero-
dynamic evidence 1s sufficiently complete to deduce both the initial velocity and
the initial angle of entry into the earth's atmosphere. The unique importance of
this type of knowledge lies in the simple fact that the entry velocity and the
entry angle determine the earth approach trajectory, and the trajectory determines
the place of tektite origin. In a recent paper (Chapman, Larson, and Anderson,
1962) we have elaborated on experiments which document conclusion (1); in this
paper we elaborate similarly on conclusion (2). For completeness, the evidence
pertaining to conclusion (1) also is reviewed briefly herein and brought up to date.

A magnificently complete aerodynamic record has been imprinted on the
thousands of tektites found strewn over the southern portion of the Australian
continent. At present a substantial portion, though not all, of this record can
be read with guantitative clarity. It is known that the amount of ablation by
aerodynamic heating can be determined from studies of external shape; that the
heating rates prior to termination of ablation can be ascertained from certain
distortions of the internal striae pattern; and that the stagnation point pressure
prior to termination of ablation (as shown in this report) can be deduced from
certain sculpture features on the tektite's front face. Calculations of the amount
of ablation and the distortion of striae previously have been used to determine
the approximate entry trajectories of several australites (Chapman, 1960), and
these trajectories pointed to the moon as the source of australite origin. In
this paper the sculpture pattern, as represented by the spacing between ring-wave
flow ridges, is similarly used for independent trajectory determinations.

In the preparation of this report an underlying tenet has guided the choice
of material and the manner of presentation, namely, that the majority of scientists
interested in tektites are from diverse disciplines other than atmosphere entry
aerodynamics. It is recognized that scientists from long-established disciplines
rightfully are wary of results from a new discipline; and that few of the many
geologists, geochemists, mineralogists, naturalists, and petrologists, who have
conducted the principal body of previous research on tektites, are famiiiar with
the substance of the framework underlying the atmosphere-entry evidence as to
tektite origin. Many scientists from these diverse fields have favored a terres-
trial origin for tektites. When a research topic intertwines so many disciplines,
and controverts the published views of so many scientists, any new result that may
be demonstrable or accepted by individuals in one discipline often is disregarded
or rejected by others in a different discipline, especially if the results appear
to be only "calculated" ones. Consequently, in recognition of these circumstances,
and of the singular importance of the aerodynamic evidence on tektite origin, we
have sought throughout to conduct measurements wherever explicit data are missing,
to utilize thorough analytical methods whenever computations are made, and to
document in detail the combined experimental-analytical foundation upon which the
final conclusions are based. In this way we hope that a clearer view may be
revealed of the strength behind the aerodynamic evidence as to the origin of the
Australian tektites.

In carrying out our program, we have had the indispensible assistance of many
individuals. Our indebtedness is especially great to Dr. George Baker of the
University of Melbourne, who, during the past three years, has generously provided
us with extensive unpublished data on his near perfect Port Campbell australites,
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as well as with various other observations that have advanced the progress of this
research. Our acknowledgement also is extended here to Professor G. H. R. von
Koenigswald, of the University of Utrecht, who provided several Java tektites for
detailed study. To our colleagues at the Ames Research Center, Mr. Lewis A.
Anderson and Mr. Norman B. Zimmerman, who have assisted with the tektite ablation
experiments, Mr. Frank J. Centolanzi, who has measured the vapor pressure of
tektite glass, Mr. George Lee, who has conducted experiments on the breakup of
molten glass and the ablation of glycerin glass, and to Mr. Fred Matting, who has
assisted with some of the ablation calculations, we gratefully express our
indebtedness and our appreciation.

EVIDENCE FOR ATMOSPHERE ENTRY OF AUSTRALITES

A detailed record of hypervelocity ablation by aerodynamic heating has been
imprinted on the exterior surface, and implanted within the interior structure, of
the better preserved Australian tektites. In an earlier paper (Chapman, Larson,
and Anderson, 1962) we have described some aerodynamic experiments with tektite
glass wherein a number of the curious and singular features observed on tektites
were clearly reproduced by ablation in a hypervelocity air stream. More recently
we have observed some additional features of congruency between natural tektites
and ablation products from the aerodynamic laboratory. It is the design of the
present section to review briefly the previous evidence, and more completely the
recent supplementary evidence, which demonstrates that the australites were sculp-
tured by aerodynamic ablation during entry into the earth's atmosphere. This
evidence is drawn from independent observations on external sculpture, geometric
relationships, internal structure, and aerodynamic stability of tektite forms.

The most unique feature of tektite sculpture is the presence of ring-wave
flow ridges and circumferential flanges on "button" type tektites found thinly
spread over the southern half of the Australian continent. Sometimes the flow
ridges form a spiral ring and sometimes a series of concentric rings. Aerodynamic
ablation experiments have reproduced quite closely the same systems of ring-wave
flow ridges and the same types of circumferential flanges. In figure 1 a summary
comparison is presented of three different tektite glass models ablated in an arc
jet, with three different Australian tektites now housed in the British Museum.
Artificial products are at the top, and natural tektites at the bottom. All are
shown enlarged to a common size. Their actual diameters very somewhat, being 21,
16, and 22 mm, respectively, for the artificial tektites shown from left to right
in front, side, and base view; and 25, 2k, and 23 mm, respectively, for the cor-
responding natural tektites. The principal features of congruity in scudpture
between australite buttons and aerodynamic artifacts are self-evident from this
figure, and require no further comment.

Some of the very rare australite shapes, as well as the more common button
types described above, can also be reproduced in the aerodynamic laboratory. A
photograph of the side view of an uncommon tektite configuration is presented in
the lower portion of figure 2. This reproduction is taken from plate VIII of
Baker's treatise (Baker, 1959) wherein the location of find is listed as being
near Gladstone, Northeast Tasmania. In contrast to the more typical australite
buttons, this tektite possesses a remarkably wide flange shaped like a hat brim,
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brings about a significant reduction in the laminar convection heating rate which
varies as Rp~™1/2, and this aspect of tektite ablation physics must be considered
in an accurate calculation of the amount of ablation. After the stagnation point
recesses to beyond about yg = 0.6 R, the value of Rp begins to decrease, as
illustrated in figure 3 by the curve that extends to the point y, = 1.45 Rp.
RF/RB = 0.8. The termination of this curve corresponds to the point at which the
arc was extinguished and ablation ceased. If ablation had been terminated at some
earlier time, a point anywhere along this curve could have been obtained for the
final value of RF/RB. Thus the various curves representing aerodynamic ablation
are to be compared with the various data points in figure 3 representing terminal
RF/RB values Tor Australian tektites. These data points correspond to Rp values
greater than 0.7 cm (most are in the range 0.8 < Rg < 1.2 cm) for which surface
tension of the flange melt does not affect significantly the over-all geometry.
TFor values of Rp below about 0.7 or 0.6 cm, surface ténsion phenomenon becomes
important; and the RF/RB values, from both the aerodynamic experiments and the
tektite measurements, can be considerably higher and the self-protective mechanism
more important. It is noted that australites from different tektite collections
are included in figure 3; the circles represent perfect buttons, and the circles
with horizontal lines represent lenses and incomplete buttons, from the collection
of Dr. George Baker, to whom we are indebted for sending these data in advance of
their publication (Baker, 1962a); the squares represent australites from the col-
lection of the Smithsonian Institute of the U. 5. National Museum kindly loaned to
us by Mr. Edward Henderson; the diamonds represent two buttons from the collection
of Dr. William Cassidy; and the triangle symbol represents the remarkable hollow
button tektite of Steltzner (1893). The essential point illustrated by this figure
is that the geometric relationship between surface curvature and dimensions of
Australian tektites is in quantitative harmony with the geometric relationships
produced by aerodynamic ablation.

In addition to the congruity in geometry between Australian tektites and
aerodynamically ablated tektite glass, there also exists a conformity in internal
structure. It has long been known that the australites were twice melted (Fenner,
1934; Barnes, 1939; Baker, 194k, 1959), first, when some parent tektite material
was fused to form primary glass bodies (mostly spheres) and, second, when these
bodies were subsequently heated to form the flow ridges and flanges. The first
heating left an irregular, often contorted, striae pattern that constitutes a dis-
tinguishing characteristic of tektite glass (Barnes, 1939, 1960) . The second
heating left (1) the chemical composition of the flange, relative to the core,
selectively deficient in the more volatile oxides (Taylor, 1961), (2) the striae
pattern within the flange coiled always in a consistent direction (Baker, 194k),
and (3) the striae pattern within a very thin frontal layer systematically distorted
in a particular mathematical fashion (Chapman, 1950). It is to be noted that these |
three conditions, produced during the second heating of the australite, are concord-
ant with those produced at hypervelocities by the heating of aerodynamic friction.
The observed selective loss of the more volatile alkali elements during flange
formation, as estimated by Taylor (1961) from comparative losses observed with
powdered tektites in a d.c. arc, corresponds to a temperature of a few thousand
degrees Kelvin; ablation temperatures for tektite glass during atmosphere entry
readily reach into this range (typically, 2500° to 2900° K) where substantial vapor-
ization of the melt flow occurs. That the type of stria colling observed within
australite flanges also is produced by aerodynamic ablation may be seen from the
photographs in figure L4 of two thin sections; that on the right is reproduced from
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and only a single ring-wave flow ridge. Shown for purposes of comparison in the
top portion of figure 2 is a configuration of glycerin glass photographed during

an aerodynamic experiment. Here the wind-tunnel stream was directed vertically
upward (a portion of the cylindrical support to which the model is attached can be
seen at the top of the photograph). This configuration, produced by aerodynamic
ablation, exhibits a hat-brim flange, and a single ring-wave flow ridge, strikingly
gsimilar to those on the Tasmanian tektite. It ig significant that such an uncommon
tektite configuration could be obtained in our experiments only by adjusting very
carefully the test conditions so that the aerodynamic force tending to push the
ablated melt flow upward just balanced the gravitational force tending to pull it
dovnward. A small perturbation in stream conditions from those of this delicate
adjustment was found to result either in a downstream movement and a contraction

of the flange, coupled with the appearance of more than one ring wave, or else in

a detachment of some portion of the flange brim coupled with a reshaping of the
remaining flange portion. In this experiment the gravitational body force in the
vertical wind tunnel provides a dynamically similar analogue to the deceleration
body force in an entry flight; both forces are directed parallel to the axis of
symmetry and are exerted uniformly over each volume element; and the fact that the
gravitational force in the wind tunnel 1s smaller than the corresponding decelera-
tional force in flight is precilsely compensated by proportionally smaller aero-
dynamic forces, so that mechanical similarity is achieved between laboratory and
flight conditions. Among the many thousands of australites, the relatively rare
observance of this shape, with its wide, hat-brim flange, is a circumstance entirely
consonant with, and clearly explained by, the experimental observation that deli-
cately adjusted aerodynamic conditions are required to produce such a configuration.
We see, lherefore, both congrucnce between tektite configuration and aerodynamic
sculpture, and consonance between observed rarity of this configuration in the
strewnfields and required selectivity of the dynamic conditions for its production.

Additional corroborating evidence that the present sculpturing on the better
preserved Australian tektites is aerodymamic in origin has been obtained from a
study of the geometric relationship between surface curvature and tekbite dimen-
sions. The geometric quantities entering this relationship are the front surface
radius of curvature Ry, the back surface radius of curvature Rp, and the depth
De measured along the axis of symmetry. When a tektite glass sphere, of radius
Rp, is exposed to severe aerodynamic heating, the radius of curvature of the
receding front face varies with the depth of ablation yg = 2Rp - De (a sketch
illustrating ys, Rp, and Rp is included as part of figure 3). Photographs of
the tektite ablation process in a hypervelocity arc Jet show, as would be expected,
that meiting begins at the stagnation point where the heating is most severe; the
fluid glass in the stagnation region is moved by aerodynamic forces radially out-
ward to the cooler equatorial region where it accumulates in a toroidal-like bulge
on top of the original spherical surface. As the bulge accumulates, Rp increases
from its original value of Rp. This trend is evident in figure 3 from the solid
curves representing the variation in RF/RB with yS/RB. Bach curve was obtained
from cinematographic film records of the ablation process; the different curves
correspond to different tektite glass compositions (e.g., 65-percent silica for
the lower curve, 72 percent for the upper) and to different aerodynamic heating
conditions. The value of Rp for these experiments, 0.79 cm, is comparable to the
value of 0.85 cm listed by Baker (1955) as the average for australite buttons. In
a certain sense the initial response of Ry to the ablation process may be viewed
as a self-protective one; the increase in Rp to values the order of 1.5 Rp




plate X of Baker's treatise (1959), and represents a meridional thin section cut
from australite No. 279 of his collection; that on the left represents a meridional
thin section cut from one of our models of aerodynamically ablated tektite glass.
In this latter case the pre-ablaticn model was constructed from a rizalite specimen
(7 gm, Pugad Babuy, Luzon). In both thin sections a common manner and direction of
flange coiling is evident.

Correspondence of certain fine details of flange striae patterns also has been
found between natural tektites and ablation products from the aerodynamic labora-
tory, as may be seen from the comparison in figure 5. The flange formed by aero-
dynamic ablation and that formed by the second heating of the australite alike
show curious, zigzag striae in the outer entwinings of the flange.

Of greater significance, perhaps, than these immediately perceptible
similarities is the less evident correspondence in striae patterns near the front
face of natural tektites and aerodynamic artifacts. This correspondence is
revealed by the particular mathematical fashion in which the striae have been
distorted within only a very thin layer Jjust beneath the front surface. In figure 6
are presented thin section photographs from one of our models (IC 202-2) in which
the thinness of the melt layer may be seen. This model was constructed from the
tail portion of an indochinite teardrop (18 gm specimen, Dalat, South Viet-Nam)
wherein the basic striae prior to ablation tended to follow a common direction
roughly parallel to the axis of symmetry. This enables a clear separation to be
made of the basic and distorted striae patterns. Various quantities entering the
analysis of striae displacement are also illustrated in this figure. The mathe-
matical characteristics of striae displacement (d) varying linearly with distance
(x) from the stagnation point, and exponentially with depth (y) below the surface,
are the characteristics required by aerodynamic ablation theory. These particular
characteristics are exhibited both in australites and in models of tektite glass
ablated by aerodynamic heating, as shown in an earlier paper (Chapman, Larson, and
Anderson, 1962). Some data taken from this paper are presented in figure 7 which
illustrates the exponential-like variation of stria displacement d(y). The curve
labeled "australite B 279" represents registration No. 279 of Baker's collection,
and that labeled "aerodynamic ablation" represents a model (A-123) from our labora-
tory experiments which, prior to ablation, was ground from a piece of Australian
tektite glass (7 gm, core, Nullarbor Plain). It is evident that both the natural
tektite and ablated model exhibit the exponential-type variation required by aero-
dynamic ablation theory; but the two curves are shifted in depth by an amount
Ay = 0.013 em. This shift is attributed to erosion by the agents of chemical
etching and mechanical abrasion that have acted on the australite's front face
during its many millenia of terrestrial exposure. Thus the present front surface
would have been about 0.013 cm below the original, freshly ablated surface, and
an allowance for this will place the two d(y) curves in excellent agreement.

One of the most characteristic features of hypervelocity aerodynamic ablation
is that the melt layer invariably is thin; the exponential decrement for the
examples in figure 7 is only 0.1 mm, and the entire melt layer is only a few tenths
of a millimeter thick. Such thinness is a manifestation of the extremely high
heating rates which produced the systematic striae distortions, and at the same
time, is a firm indication that the glass body so heated was structurally rigid
prior to ablation. Stone meteorites are exposed to the same physical phenomena,
and invariably exhibit, for similar reasons, a fusion crust of comparable thinness.

7



As illustrated in figure 8, the correspondence in systematic striae distortions
between natural tektites and ablation products extends also to the variation with
distance x from the stagnation point (x = s + d); both exhibit the linear d(x)
variation required by aerodynamic ablation theory. The somewhat different inclina-
tion of the two straight line approximations for d(x) is not significant, inasmuch
as the slope depends on the particular heating rate, radius of curvature, and

fixed depth vy selected for the measurements.

As a final source of evidence that the australites have entered the earth's
atmosphere, attention is called to their aerodynamic stebility and to the compati-
bility of the orientation for such stability with that indicated by surface melt
patterns. Technical detalls relating to a study of the static and dynamic stability
of australite configurations have been given in an earlier paper (Chapman, Larson,
and Anderson, 1962) and will not be repeated here. Mention is made, however, of
the end result. From an analysis of the statistics given by Baker (1950) as to
the shape categories into which about 8,000 australites can be classified, it has
been found that over 98 percent represent configurations possessing both static
and dynamic stability during a descending entry into the earth's atmosphere.

Their sculpture decisively indicates a stable flight; moreover, the particular
orientation for aerodynamic stability 1s precisely compatible with the particular
orientation indicated by the melt pattern observed on each configurational cate-
gory. Such a high percentage of aerodynamically stable flights would not occur in
ascending trajectories (as these encompass unstable flight conditions), nor among
objects, such as meteorites and other tektite groups, of less regular shape than
the figures of revolution of the primary australites.

Summarizing thus far, we have seen that the external sculpture, the internal
structure, the geometric relationships, and the aerodynamic stability of the
Australian tektites leave no doubt that they were shaped by severe aerodynamic
heating sometime in the distant past when myriads of glass spheroids descended at
hypervelocity into the earth's atmosphere. Ablation has modified markedly the
primary shapes possessed by these tektites before their atmospheric plunge; and
the extent of this modification, as determined by the difference between the orig-
inal primary shape and the aerodynamic secondary shape, is one important key to
their origin. In the section which follows, previous evidence is reviewed and some
new aerodynamic experiments are discussed which pertain to the formation of primary
tektite shapes.

AFRODYNAMIC EVIDENCE PERTAINING TO THE ORIGIN
OF PRIMARY AUSTRALITE SHAPES

The idea often has been advanced that the australites were formed by
aerodynamic pressures during the passage through the air of soft, molten glass
(e.g., Darwin, 1844, Walcott, 1898, Grant, 1909, Moore, 1916, Hardcastle, 1920,
Lacroix, 1932, Spencer, 1933a, and Fenner, 1938). We have demonstrated earlier,
however, that the secondary shapes of the australites were formed by the action of
aerodynamic heating on rigid glass, rather than by aerodynamic pressures on soft
glass; bul we have not previously ascertained whether the primary shapes could have
been formed by aerodynamic pressures.



From studles of thousands of australites, it has been concluded that about
80 percent of the primary shapes were either spheres, or oblate spheroids close
to spheres (Fenner, 1938; Baker, 1955, 1950). An example of a meridional section
from a cast of a tektite, for which it is certain that the original shape was very
close to spherical, is illustrated in figure 9. This australite, kindly loaned to
us by Dr. William Cassidy, is identified in his collection as No. 625, from
Charlotte Waters. Curvature gauges applied to different areas of the spherical
base revealed the variation in curvature, from that of a sphere of 1.83 cm diameter,
to be only about 1 or 2 percent. As is indicated in this figure, the volume of
flange plus core accounts for all but a small portion of the volume of the primary
sphere; the remaining portion amounts to 11 percent of the primary-sphere volume.
This latter amount is comparable with the calculated amount of glass vaporized in
the process of forming the flange melt. There could not have been more material
lost from the front portion of the primary object than that accounted for since,
if there were, the primary configuration would have been a prolate spheroid, a
shape which is aerodynamically unstable with its longer axls parallel to the flight
direction and which would have flown in an attitude orientated 90° from that
observed. Thus, on australite buttons of this type, the original primary shape is
known to have been very close to a sphere, a natural shape produced by the forces
of surface tension when other distorting forces are negligible.

A series of experiments on the formation of primary shapes from the breakup
of fluld glass - in both the presence and the absence of aerodynamic forces - has
been conducted as part of our tektite research program. These experiments were
conducted by our colleague, Mr. George lee. Lead glasses at various temperatures
were investigated in order to cover a wide range of viscosity (0.2 to 280 poise).
Three diffcrent methods were employed for ejection of the molten glass: (1) low
velocity ejection nearly vertically upward into the atmosphere from a height of
34 m above the ground, in order to produce primary shapes by breakup under condi-
tions where aerodynamic forces are small compared to surface tension forces;

(2) high-velocity ejection nearly vertically downward from the same height, in
order to produce primary shapes by breakup from aerodynamic forces; and (3) ejec-
tion in a large vacuum chamber in order to produce primary shapes in a near vacuum.
In each case a multitude of forms were recovered on the surface, the smaller of
which were clearly solidified before impact. ZLarge drops, of course, did not have
sufficient time to solidifyy before landing, and their splattered forms are not
included in the study.

One significant result from these experiments is that the primary shapes
varied markedly with the viscosity of the glass. In a low-velocity ejection,
wherein the aerodynamic forces are small compared to surface tension forces, it
has been found that glass of a certain viscosity will break up, through the action
of its own internal motions and the forces of surface tension, into shapes which
are similar in form and in relative number to the primary shapes of the australites.
Figure 10 illustrates the relative proportions of various configurations found when
the glass viscosity was 2.9 polse and when the aerodynamic forces were small com-
pared to surface tension forces (low-velocity ejection). Each category shown
represents approximately one-fourth of the total number recovered of its group.

It is evident that round forms are most abundant, then elongates (ovals, boats,
dumbbells, canoces), teardrops, and nondescript forms. This distribution of primary
shapes for u = 2.9 poise is similar to that of the australites, but the distri-
bution obtained with either larger or smaller viscosities is dissimilar, as the



following table illustrates:

Percentage of various shapes
Viscosity = 3 T
. oun ear- .
bolse forms Elongates drops Nondescript
0.8 95 L 1 0
Present 2.9 76 11 7 6
experiments 35 8 19 62 11
135 0 5 35 60
Australites 73 23 3 1

The figures given for the australites are based on a total of about 8000 tektites
from the combined Victorian, Nullarbor Plain, and Charlotte Waters areas (Baker,
1956). Included within the round form category are buttons, lenses, cores, and
discs; in the elongate category are ovals, boats, dumbbells, and canoes. Relative
to the australite-like distribution obtained for p = 2.9, the percentage of shapes
in each category changed completely as the glass viscosity was changed: when it
was reduced by a factor of about 4, to 0.8 poise, almost all the forms were spheri-
cal; when increased by a factor of about 12, to 35 poise, the majority were tear-
drops and few were round forms. Whereas, at a still higher viscosity, of 135 poise,
most were nondescript forms, many were teardrops, and none were round forms. This
marked dependence of shape on viscosity is understandable. As soon as a glass mass
is disrupted into irregular forms, surface tension forces begin to contract each
blob toward a spherical shape, while viscous forces resist this deformation. At
very low viscosities the resistance to deformation is low, so the time required

for contracting to a spherical shape is small compared to that required for cooling
to a solidified state, and the shapes become shperical before they become rigid.

At very high viscosities, however, the resistance to deformation is high, so the
time required for contraction into a spherical shape is long, and a blob will
solidify before it can become spherical.

In contrast to the primary shapes produced in the absence of significant
aerodynamic pressures, as described above, the shapes produced when sizable aero-
dynaemic pressures act on 2 glass drop are quite unlike any australite primary shape.
The photographs of figure 11 illustrate six such configurations in base view (top
row), side view (center row), and front view (bottom row). These configurations,
of which hundreds have been produced, are typical of the shapes into which glass
drops solidify when distorted by aerodynamic forces. A saucer-like concavity has
been impressed into the front face of each configuration by the small excess in
pressure at the stagnation point (pg) over that at the base (pp). Thus, as the
front is pushed in, the softer portion in the center of the drop moves laterally
to one side, producing a relatively flat, asymmetric protuberance. This flattened
appendage, with its extended surface area and thinner dimensions, solidifies rather
rapldly, leaving the base portion of the leeward side of the drop still nearly
spherical. Aerodynamically distorted forms of this type were found at all viscos-
ities investigated, from 0.2 to 280 polses; none were found when glass was ejected
into the vacuum chamber. These forms definitely do not occur among the various
figures of revolution, mostly spheres, that constitute the australite primary shapes.
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Consequently, the primary australite spheres must have been formed under conditions
where such molesting aerodynamic forces were absent.

Unlike the tektite forms found in Australia, many of the configurations found
in Indochina are flattened (Lacroix, 1932). In our experiments wherein a mass of
highly viscous glass was forcibly disrupted by aerodynamic pressures, a number of
forms were observed which were rather similar to some indochinites. For example,
flattened discs and flattened teardrops resembling certain indochinites were found
in the high-velocity ejection experiments. Consequently, while the case is clear
for the australites, it can not be concluded that the indochinites also were neces-
sarily formed in the absence of significant aerodynamic forces. In view of the
concentrated distribution of tektites in certain portions of Indochina (e.g., at
one location in South Viet-Nam 51 tektites were found by Nininger (1961) within a
period of 18 minutes), one might entertain the idea that a large mass of highly
viscous glass was torn asunder by the severe aerodynamic forces associlated with
the atmosphere entry of large obJjects.

It is pertinent to determine from the present experiments Jjust how small the
aerodynamic forces must have been, in the case of the australites, to allow essen-
tially undistorted spheres to form. Such determinations can be made from a knowl-
edge of the air density op_, the velocity of ejection V, and the smallest size
of the glass drops recovered undistorted by aerodynamic forces. 1In presenting data
from experiments of this type, it is customary to employ the Weber number,

We = pmezR/T, where R 1s the drop radius and T the surface tension. This
number can be converted directly to the ratio of aerodynamic to surface tension
pressure, (ps - pp)/(27/R), either for the conditions of our experiments where the
Reynolds and Mach numbers were such that pg - pp = 0.9 p V 2, or for the conditions
of hypervelocity flight where pg - pp = pmwa (the dimensionless distribution of
differential pressure (p - pb)/(ps - pp) around a sphere is essentially the same

in hypervelocity flight as it is in subsonic flight). Our experimental results

for glass of viscosity 2 to 3 polse, corresponding to the viscosity which produced
configurations similar to australite primary shapes, are:

Incipient disruption of drop We = 2.6

Small distortion from spherical We 1.1

These values are not greatly different from those of many previous investigations
where nonsolidifying liquids, such as water and oil, were employed. As may be
deduced from the data of Lane and Green (1956), the critical values of We for
the disruption of water drops under transient conditions range from 2.2 to 4.9
(ibid., p. 189), which are consistent with our value of 2.6. It may be noted that
under very steady conditions, such as with freely falling drops, the critical
values of the Weber number for disruption can be, and are expected to be, several
times greater. For example, Margarvey and Taylor (1956 ) under such circumstances
obtained the value We = 6.0 for the condition of immediate disruption of freely
falling drops. The value of We for 10-percent distortion from spherical shape
(measured by the ratio of major to minor axes), as determined from the waterdrop
experiments of Lane and Green (ibid., pp. 184 and 177) is about 1.3, and from those
of Margarvey and Taylor is about 0.5. These values compare well with our value of
1.1, which corresponds to about 15-percent distortion of glass drops.
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The experimental values for Weber number are fully concordant with theoretical
considerations. The distortion from spherical shape can be large only if the mean
disrupting external pressure differential Lpayt = (ps - pb)/2 of aerodynamic
forces is comparable to or greater than the constraining internal pressure
Apipt = ©T/R of surface-tension forces; thus the ratio Bpeyt/Lpint = We/l is a
measure of the amount of distortion. It follows that large distortions from a
spherical shape would be expected for We = L or greater, in agreement with the
experirents; and that small distortions would be expected when We 1is less than
about unity, also in agreement with the experiments.

The foregoing experimental results impose very severe restrictions on the
atmospheric environment at the site where the Australian tektites were formed and
first heated. A multitude of primery australite spheres not only have escaped
disrupticn, but have remained spherical; and it is certain that any atmosphere
surrounding them during formation must have been sufficiently tenuous that the
resulting acrodynamic pressure differential Apgepg = Pg - Pp Was smaller than
the critical amount for disruption. A simple calculation from the experimental
value of We = 2.6, corresponding to incipient disruption, yields Apgepg < 2.3T/R
for the Australian tektites. The larger australites correspond to primary masses
of several hundred grams, and tc values of R = 3 cm (Baker, l962b, 1955). By
substituting into the expression above the value T = 350 dynes/cm for glass of
tektite composition (Morey, 1954, ch. VII, table VII.0) there results
IPgare < 500 dynes/cm2, or 3X107% atm, From the value We = 1.1 for small distor-
tion of spheres, & somewhat more severe limit is obtained, namely, Apgero < l.OT/R.
As noted earlier, the primary shapes of the australite buttons were either spheres,
or nearly spheres. The larger ones had radii of 2 to 2.5 cm (Baker, 1955), and at

least one example is known of a perfectly developed australite with R = 3.05 cm
(Walcott, 1898; Baker, 1 57 These primary shapes could not have had even the

Baker, 1951). Thesce primary sha could not have had even ©
small amount of distortion cbserved in the present experiments, since this distor-
tion produced sphero-lenticular shapes which would be aerodynamically stable with
the flattened side to the rear: no well preserved australite, to the authors'
knowledge, exhibits a flattened base of this character. Consequently, an upper
limit to the distorting aerodynamic pressure during primary formation is obtained
from Apgepg < l.OT/R, R =3 em, and T = 300; namely, DApgere < 2X107% atm.

This limiting value will be used in subsequent discussions as a criterion for
Judging whether or not various hypotheses of tektite origin are compatible with
this aerodynamic requirement. BSince Apgero = pmeg in high-velocity flight, this
limitation can be expressed in several different, though equivalent, ways:

Static pressure differential: Apgere < 2X107* atm (1a)
Dynamic pressure: pmy“? < 200 dynes/cm? (1b)
Acceleration: a < 0.015 earth g (1c)

where p, 1c the gas density of the atmosphere surrounding the primary tektites
during their initial flight, V, 1s the velocity of motion relative to that gas,
a 1s the maximum acceleration determined from Apg.,., and the tektite mass. The
severity of requirement (la) may be realized by noting, according to experiments
we have conducted, that aerodynamic pressure differentials of greater amount can




be produced by a breath of air blown from a man's mouth on a sphere some 20 cm
distant.® We should not be surprised, therefore, at the conclusion deduced there-
from, that the primary australite spheres, which necessarily were somewhere given
tremendous velocities in order to have overspread Australia, were first formed
and solidified in a near vacuum.

In addition to the evidence from experiments on glass drops, some independent
evidence from experiments on the ablation qualities of tektite glass provide a
visual illustration substantiating the conclusion of tektite formation in a near
vacuum. It is well known (e.g., Morey, 1954, pp. 87-91) that gases inevitably are
dissolved in glasses during formation, and the presence of these dissolved volatiles
can be forcefully illustrated by heating a glass to some high temperature, and then
suddenly reducing the pressure: the glass froths, because the gases, which were
dissolved at a Tormation pressure of one atmosphere, rapidly are liberated, in
accordance with Henry's law of gas solubility proportional to pressure. Glasses
can also froth extensively by ebullition 1f the pressure is reduced below that for
boiling. In our ablation experiments the order of heating and pressure reduction
is inverted, but the results are the same. We have conducted numerous experiments
on terrestrial glasses, which were made at a pressure of one atmosphere or higher,
by suddenly exposing the glasses to a low-pressure hypervelocity air stream. The
region of lowest pressure under such conditions is at the base, where
Pp ® 0.001 atm. Formation of a circumferential flange creates a region of low
base pressure behind the accumulated melt. In such a region, any dissolved gas
can readily be liberated if present, or any bubble cavity can expand if its
internal pressure exceeds the base pressure, or any ebullition can occur if the
base pressure 1s lower than the boiling pressure corresponding to the local tem-
perature of the flange melt. The result in each of these circumstances is a
frothy flange, as illustrated by the post-ablation models in the top row of fig-
ure 12. They represent, from left to right, the remains of originally smooth
models of impactite from the Henbury crater in Australia (obtained from the Amer-
ican Meteorite Laboratory), of borosilicate glass rod, of soda-lime marble, and
of a synthetic tektite glass model. The frothing of the borosilicate and soda-
lime glasses may be due to either liberated gases (from the furnace gases dissolved
during manufacture at 1 atm pressure) or to boiling since neither of these glasses
contained any visible internal bubbles before ablation. The frothing of the
Henbury impactite and that of the synthetic tektite (made at 1800° C, at 1 atmos-
phere pressure) is partly attributed to the expansion of internal bubbles known
to exist prior to their low-pressure ablation (pg the order of 0.1 atm). In
striking contrast to the frothy flanges produced on these known terrestrial glasses
are the smoothly glazed, highly polished flanges produced on natural tektite
glasses ablated under similar low-pressure conditions (bottom row of fig. 12). The
rizalite specimen is from Pugad Babuy, Iuzon, and the three australite specimens
are from an area Just south of the Mann Ranges in the northwest corner of South
Australia. Occasional bubble imperfections are observed on the flanges of natural
tektites. These imperfections sometimes form pits indicative of a bubble pressure
lower than the exterior (e.g., the pit barely discernible on the lower portion of
the flange of the rizalite in fig. 12), and sometimes bulges indicative of a
higher pressure. In light of the result of Suess (1951) that the internal bubble

2These experiments were conducted by constructing s sphere of australite size
imbedding pressure orifices at two opposite poles, connecting the orifices to a
U-tube manometer, and noting the pressure differential pg - pp created by blowing
on the sphere.
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pressure within natural tektites is less than 1072 atm, it is believed that these
flange bubble pits or bulges are indicative of the amount of vaporization that has
taken place within the bubble as it traversed the distance from where it first
appeared in the liguid layer, to where it finally rested in the flange melt.
Tnasmuch as the synthetic tektite glass which froths readily (see upper right model
in fig. 12) has the same composition, and hence same boiling temperature as the
natural tektite glasses that do not froth, it is deduced that the observed frothing
on the synthetic tektite is indicative mainly of the liberation of the dissoclved
furnace gases which surrounded the terrestrial glass during its manufacture at

one atmosphere pressure. The absence of frothing on the natural tektite shows that
(1) the content of dissolved gases in tektites is very much lower than in terres-
trial glasses, and that (2) the gas pressure surrounding the tektites during their
formaticn also was very much lower than atmospheric pressure. The First of these
deducticns from ablation experiments is consistent with previous measurement of

the quantity of gases released by heating tektites in vacuo (Beck, 1910, Lacroix,
1932, Suess, 1951, Friedman, 1958): the gquantity of volatiles so expelled per
gram of tektite glass is one to three orders of magnitude less than that expelled
from typical terrestrial rocks. The second of these deductions is concordant with
the experiments of Freidman, Thorpe, and Senftle (1960), who have presented evi-
dence from the magnetic properties, and from the unusually low ferric/ferrous

ratio of tektites, that they were formed by fusion at high temperature in an
atmosphere whose partial pressure of oxygen was very much lower than that at the
earth's surface.

It is not to be inferred from the absence of frothing on the natural tektite
models illustrated in figure 12 that natural tektite glass never exhibits frothing.
Since frothing can occur from the process of bolling, as well as from the release
of dissolved gases, a natural tektite, or any other vacuum-made glass, will froth
extensively if first heated to a high temperature and then subjected to a pressure
much lower than the corresponding bolling pressure.

In summary of the results of the present section, it is concluded from
experiments on the shape categories into which cooling glass masses solidify, from
observations of the contrast in low-pressure ablation characteristics between
terrestrial and tektite glasses, and, most important of all, from the remarkably
small aerodynamic pressures which disrupt fluid glass drops, that the primary
australites were formed and first fused in the environment of a near vacuum. The
quantitative values for the upper limit on the surrounding atmospheric density
depend upon the exiting velocity of flight, and this, in turn, depends upon the
celestial object from which it is hypothesized that the australites might have
come. Further discussion of this is given in a later section concerned with
several of the individual hypotheses of tektite origin.

COMPARISON OF CALCULATED AND EXPERIMENTAL CHARACTERISTICS
OF AERODYNAMIC ABLATION

In analyzing the transient ablation process wherein aerodynamic heating
converts a primary tektite shape into a secondary one, some rather specialized
analytical methods are involved, a number of detailed equations are encountered,
and a high-speed digital computing machine is employed. Only qualitative features
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of the computation methods are described in the present section. An abridged
discussion of the principal equations solved is presented in an appendix to this
paper.

A number of papers have been written in recent years on methods of calculating
the ablation characteristics of glass (e.g., Sutton, 1958, Bethe and M. Adams, 1959,
Scala, 1959, Georgiev, 1959, Powers, Georgiev, and M. Adams, 1960, Hidalgo, 1960,
E. Adams, 1961, Fleddermsn and Hurwicz, 1960). The various methods are basically
the same in the sense that each follows the time-honored path of solving the three
fundamental differential equations expressing conservation of momentum, mass, and
energy for the flowing layer of viscous glass; they are different in the physical
approximations made, the mathematical techniques used, and in the scope of physical
phenomena considered. Various physical properties of the glass appear in the 4if-
ferential equations of conservation, and these important properties, of course, must
be obtained from laboratory measurements on each glass composition investigated.
Aerodynamic characteristics appear in the computations mainly as auxiliary equations
prescribing the pressure, enthalpy, and heating rate at the stagnation point. The
use of a digital computing machine enables the various differential and auxiliary
equations to be solved simultaneously and rapidly. Two independent mathematical
procedures have been machine programmed for solving the equations: one method
utilizes an integral procedure of solving the energy equation (method I), whereasg
the other utilizes a finite difference procedure (method II). Both methods have
been used in the researches cited above; and both provide satisfactory computational
results.

Probably the most arducus task, and certainly one of the most important, in
computing the characteristics of aerodynamic ablation, is the measurement at high
temperatures of the physical properties of molten tektite glass. These properties
can vary widely for different compositions of tektites, primarily because of the
variation in silica content. Australites, for example, vary from about 65-percent
to 80-percent silica, and even in a given location they vary almost as much (Baker,
1943, 1959). The most variable of the physical properties, the viscosity and the
vapor pressure, are also the most important to the ablation computations. It is
a Tortunate circumstance, however, that the silica content of a given australite
can be determined with adequate accuracy from readily measurable guantities, such
as specific gravity and index of refraction; consequently, this information,
together with that from an adequate number of measurements of the physical proper-
ties of tektite glasses with various silica contents, makes it possible for real-
istic calculations to be made of the ablation characteristics of any given
australite. To achieve good accuracy in the computations, measurements over a
wide range of temperatures have been made of the pertinent physical properties for
various compositions of australite glass. Independent tests of the computation
program have been obtained by measuring certain ablation characteristics which are
sensitive to each physical property: thus, calorimetric data on thermal diffus-
ivity have been tested by measurement of the striae distortion and of the rate of
change of radiant energy emission during ablation; absorption data on opacity have
been tested by measurement of the steady-state value of radiant energy emission
during ablation; rotating cylinder data on viscosity have been tested by independent
measurement of the stagnation-point recession during ablation; and vapor pressure
data have been tested by measurement of the mass loss during ablation experiments.
In the remainder of this section we shall see how various of the computed results,
based on the measured physical properties (a typical set of which is given in
appendix A), agree with the corresponding ablation measurements.
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A comparison of calculated and measured values of radiant energy emission
provides a te-c both of the data on thermal diffusivity (X), and on opacity (a).
In the first few seconds of an ablation experiment, before melt flow occurs, the
values of viscosity and vapor pressure are unimportant, and the time rate at which
the wall temperature Ty increases depends primarily on K and o. In our experi-
ments the flux of radiated energy IEr was measured; and this determined the
brightness temperature Tp through its definition Ep = oTp%, where o 1is Stefan's
constant. The computation methods calculate Ty and the temporally varying emis-
sivity €, so that the radiation equation oeTy* = Ep = oTp?* enables a brightness
temperature to be computed. In figure 13 the calculated values of brightness
temperature are compared with measured values on a synthetic tektite glass model
(STG 1-H, 0.76Si0z, p = 2.405) and on an Australian tektite model (A 231, p = 2.L429;
originally a 10 gm elongate core from Nullarbor Plain). Several other models, of
both synthetic and natural tektite glass, were also investigated and found to yield
values for Tb(t) intermediate between the two sets of data shown here. The calcu-
lations correspond to the physical properties of the synthetic tektite glass; and
their good agreement with the experiments is evident. After about 7 or 8 seconds,
steady state is attained and Tp = Tp(w). If these data are plotted in the form
Ty/Tp () versus time -- a form in which K is important but o is not -- the
calculations and experiments would closely agree; this shows that the thermal
diffusivity used in the computational program is in accord with experiment. The
fact that the computed Tp(w) values also agree with measured values shows that
the opacity and internal radiation calculations also are in accord with experiment.

A comparison of calculated and measured rates of recession for aerodynamic
conditions wherein ablation occurs dominantly by melting, and insignificantly by
vaporization, provides a test of the data on viscosity. In figure 14 calculated
curves for methods I and II are compared with experimental values for models con-
structed from two australites (AA10 from Northwest corner of South Australia;

A152, 10 gm core from Nullarbor Plain), one rizalite (R258, 18 gm specimen from
Pugad Babuy, Luzon), and a synthetic tektite glass - all having about the same
silica content of about 71 percent as judged from the specific gravities listed in
figure 14. It is clear from this figure that the synthetic tektite glass ablates
at the same rate as natural tektite glass of the same chemical composition, that
there is little difference between the two computation methods, and that the calcu-
lated rates of ablation are in good agreement with the experiments. The calculated
amount of ablation is a 1ittle greater than measured at the beginning of the runs
and a little smaller at the end, partly because of the use of a constant average
value for Rp 1in these particular computations, rather than a value that increases
at first and then decreases. Agreement of this nature has also been found for a
wide variety of glass compositions, as may be seen from figure 15. Here results
are presented for a lead glass, for three different synthetic tektite glasses

(65—, 5=, and 80-percent silica), and for pure fused silica. The viscosity of
these glasses increases in the order mentioned, and the ablation rate decreases in
consonance with the increase in viscosity. The agreement between calculation
(method I) and experiment is quite satisfactory for the three synthetic tektite
glasses. These particular glasses were made by the Corning Glass Co. of New York
to composition specifications designed to represent the composition range covered
by the Australian tektites. Chemical analyses of the synthetic tektite glasses,
made at the U. 5. Geological Survey and sent to us by Drs. E. C. T. Chao and

F. Senftle, agreed closely with previous analyses of australites of the same

silica content. The significant difference in the rate of ablation between the
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different tektite glasses, amounting to a factor of about 2:1 at t = 10 sec,
demonstrates that one set of physical properties cannot provide an accurate basis
for computing the amount of ablation of all tektites. Consequently, in determining
australite entry trajectories, and hence their location of origin, each tektite
which has been ablated a given amount and which was originally a primary sphere of
a given radius, is analyzed individually in accordance with its particular silica
content and its particular physical properties.

A good agreement between calculated and measured rates of ablation has also
been found for test conditions other than those of figures 14 and 15. Ablation
rates have been measured at stagnation pressures from 0.05 to 1.3 atmospheres, at
enthalpies from 700 to 6000 cal/gm (V from about 2.5 to 6.5 km/sec), and have
exhibited similar agreement with computations. It may be noted here that the
pressure range investigated covers that encountered by objects of australite size
for entries up to about 14 km/sec, and that aerodynamic heating experiments at
V=6.5 km/sec corresponds to peak heating conditions during an entry with initial
velocity Vi of about 8 km/sec.

Further comparison of the computational and experimental results has been
obtained from measurements of the displacement of glass striae just beneath the
ablated front face. Thin sections already have been presented in figure 6 from
which measurements of the displacement d, as a function of depth y beneath the
surface, have been made for various distances x from the stagnation point. The
results are compared with calculations in figure 16. Various data points corre-
spond to various pre-ablation distances s of the striae from the stagnation point,
the latter being determined with ald of the striae themselves as the Junction point
on each side of which the striae are displaced in opposite directions. It is to
be noted that some of the thin sections purposely have been photographed out of
focus (e.g., right portion of figure 6) in order to make the striae more readily
visible. In conducting measurements of d(y), however, only focused photographs
were employed to avoid distortion. For the test condition of figure 16, and for
this particular model (IC 202—2), the value calculated for the characteristic
thickness © of the fluid glass layer is 0.010 cm. The dotted line in figure 16,
representing the computed striae displacement function at the stagnation point
(s = O), is seen to agree fairly well with the measured displacements for striae
near the stagnation point (e.g., s = 0.11 cm). The striae farther away from the
stagnation point (e.g., s = 0.47 em) correspond to somewhat greater values of 3.
This trend is to be expected in view of the decrease in heating rate with increase
in distance from the stagnation point.

A determination of the vapor pressure has been made by measuring in a furnace
the initial time rate of mass loss of tektite glass relative to that of silica
glass. These measurements were conducted in an atmosphere of argon at reduced
pressure, and at various temperatures from 2100° to 2500° K. Since the vapor
pressure of silica is known, knowledge of the relative mass loss provides vapor
pressure data for tektite glass. The mass loss from australite samples was always
greater than that of the silica, by a factor of from about 2 to 3.5, thereby indi-
cating a correspondingly greater vapor pressure. An independent test of these
data has been conducted by measuring the mass of tektite models before and after
aerodynamic ablation in the arc jet. Here again silica models were used as a
standard of comparison. The change in massg for rums of about 10 seconds duration
was the order of 0.001 gm for a typical tektite glass; this small mass loss could
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be measured and repeated on different runs, to within an accuracy of about

+0.0002 gm. The furnace mass loss data, and that calculated for the aerodynamic
ablation experiments, were in reasonable agreement. A confirmation of the calcu-
lated mass loss during ablation is important to the deduction of entry trajectories,
since it means that the heat absorbed and, more important, the heat blocked by the
vaporization process, are placed on a foundation substantiated by experiments.

As a final indication of the accuracy with which the aerodynamic ablation of
glasses can be computed at present, and has been computed in the past, reference
is made to an atmosphere-entry flight test reported by Hidalgo and Kadanoff (1959).
This particular vehicle was protected by a heat shield of silica glass. By sub-
stituting into our transient ablation program for tektites the particular physical
properties of silica, the particular trajectory conditions of this entry, and the
m/CDA value for this vehicle, the calculated amount of ablation at the stagnation
point, compared to the actual amount, was found to be 8 percent less according to
method I and 11 percent more according to method II. By way of comparison, the
calculations of Hidalgo and Kadanoff, which were based on quasi steady-state
ablation analysis, overestimated the amount of ablation by 10 percent.

It is pertinent to note in this connection that the initial atmosphere entry
analysis for australites (Chapman 1960) was based on essentially the same analytical
method as that used by Hidalgo and Kadanoff. It was also based on estimated phys-
lcal properties for tektite glass, and on simplifying approximations for the Rp
and m/CDA, variations; and for these reasons the accuracy of entry velocities
determined therein was stated to be within about %2 km/sec. The recent ablatiocn
calculations of E. Adams and Huffaker (1962), who have employed a different esti-
mated set of physical properties, and a different set of simplifying approximations
for the Rp and m/CpA variations, are similarly limited to this order of accuracy.
With more complete data on physical properties of Australian tektite glass now
available, however, and with the experimental verification of the ablation char-
acteristics of tektite glass now established, the entry velocities of the Australian
tektites have been recomputed with improved accuracy. While the net improvement
over the original calculations is substantial (believed to amount to a factor of
about two in accuracy), it is not in full proportion to the increase in effort
expended: tThe present calculations are based on two years effort by several indi-
viduals, rather than several months effort by one; the present system of equations
to which solutions are obtained fill pages, rather than a few lines; and the final
product, the numerical values for entry velocity, is obtained with an IBM 7090
high-speed electronic digital computer, rather than with a slide rule. The prin-
cipal accomplishment of these efforts is that the analytical methods from which
determinations are made of the australite entry trajectories and, hence, of the
location of australite origin are now placed on a firm experimental foundation;
and scientists from disciplines other than atmosphere-entry aerodynamics now are
provided with a clearer view of the substance behind the aerodynamic evidence
prertaining to tektite origin.

DETERMINATION OF ENTRY TRAJECTORIES

In an earlier paper (Chapman 1960) it was shown that the amount of ablation
¥g and the distortion of striae d(y) each lead to an independent condition on
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the initial velocity Vi and angle 75 of an entry trajectory. A point of
compatibility exists between the two conditions, as determined by the intersection
of their respective curves in Vi(yi) coordinates, and this point fixes the entry
trajectory. In the two years following this paper, we have conducted numerous
ablation experiments with tektite glass, and have found that an additional inde-
pendent condition on Vi(7i) is provided by the presence of, and spacing between,
ring-wave flow ridges. This finding is especially significant because thousands
of tektites remain sufficiently well preserved to still exhibit adequate data on
ring-wave spacing, whereas only one tektite (No. 279 of Baker Collection, figured
in plate X of his monograph) thus far has been shown to exhibit adequate data on
striae distortions. Thus, the possibilities of determining entry trajectories of
the australites, and a few of the Javanites, are greatly enlarged by the new results.

The relative spacing between ring-wave flow ridges depends primarily on the

stagnation-point pressure pg, which, in turn, depends on the entry trajectory.
At sufficiently low pressures, tektite glass ablates without preducing any ring
waves: photographs of four models illustrating this behavior already have been
presented in figure 12. The three australites in this figure for example, show
no ring waves and were ablated at pg =» 0.08 atm. As Py 1s increased, ring
waves appear first with a rather wide spacing, and then, upon further increase in
pressure, with a progressively closer spacing. This trend is illustrated in
figure 17 by the four relatively small models in the top row, ordered from left to
right in increasing pressure; by the four larger buttons in the middle row similarly
ordered; and by the three models in the bottom row. Ring waves are entirely absent
on the models with pg = 0.21 atm in the top row, O.14 atm in the center row, and
pg = 0.085 and 0.11 atm in the bottom row. It is to be noted that the two models
at the right of the bottom row were ablated at the same enthalpy, namely,
hg = 1150 cal/gm, and reveal the same marked dependence of ring-wave spacing on
pressure as do the various other models that happen to have been ablated at dif-
ferent enthalpies. BSystematic variations in both enthalpy hg and pressure pg
revealed hg to be a minor and pg to be the major variable upon which the wave
diameter Dy depends. Consequently, the data on diameter of the first ring wave
Dwi have been plotted in figure 18 as a function of pg without discrimination
as to individual variations in hg. These data represent the results of approxi-
malely 70 experiments wherein the enthalpy was progressively varied from values
well above to values substantially below that at which ablation terminates. The
models employed were of typical australite size (D from 1 to 3 cm). It is noted
that Dwy 1s normalized with respect to the model diameter D, in order to facil-
1tate the identification of models without ring waves, namely, by the simple con-
dition Dwi/D > 1. Such models are represented in figure 18 by cross points
plotted with upward directed arrows at Dwi/D = 1. For pg < 0.075 atm no ring
waves were found; for 0.075 < pg < 0.25 atm ring waves were sometimes observed,
and sometimes not, depending on hg and D; and for pg > 0.25 atm, ring waves
always were observed on models of typical australite-button size. It is clear
that a knowledge of ring-wave spacing, as represented by the first wave diameter

, gives information on the final value of stagnation pressure Pgr existing
Just prior to the termination of ablation.
The computed variation of several physical quantities of interest during a
typical australite entry is illustrated in figure 19. These curves correspond to
the average of results calculated by methods I and II for a primary sphere of
Rg = 1 cm entering at Vi = 11.2 km/sec (earth escape velocity), at y4 = 209,
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and possessing the physical properties listed in the appendix for the average Port
Campbell australite containing about 76-percent silica (p = 2.40 gm/em3). As time
progresses during the entry, the surface temperature Ty at the stagnation point
increases, and ablation begins when Ty = 2200° K is reached. The surface temper-
ature continues to increase to a maximum of 27200 X, and then falls when the veloc-
ity V dreps below values which can sustain this temperature. Ablation terminates
when Ty = 2000° K, beyond which point the total amount of ablation yg and the
portion thereof that has vaporized ygy both remain constant. The final amount

of ablaticn is designated as yg in subseguent figures, and the stagnation-point
pressure which existed Just prior to the termination of ablation, as computed from
the air density and flight velocity is designated as pgp. It is to be noted from

figure 19 that the ablation proceeds mainly by melting, rather than by vaporization.
At the stagnation point the fractional ratio of mass vaporized to total mass
removed, vev/Ys 1s seen to be about 0.25. Over the circumferential areas situated
away from the stagnation point, the temperatures would be lower than at the stag-
nation point, and the vaporized fraction would be smaller. Thus the average
fraction vaporized for the entire tektite would be considerably less than the
fraction computed for the stagnation point.

It is pertinent to illustrate the manner in which an entry trajectory can be
established from knowledge of the amount of ablation yg, and of the final ablation
pressure pgp. The results of some example calculations are presented in figure 20
for a typical Port Campbell australite; namely, Rp = 1 cm and p = 2.40 gm/cm3.

These results also are based upon the average of calculations from methods I and II.
Bach curve in the left portion of this figure represents a constant value for yg
and the domain for negligible ablation is conveniently illustrated on such a plot.
It may be noted here that the 5 km/sec upper boundary on velocity for negligible
ablation ugrees fairly well with the L- to 6—km/sec boundary previously calculated
(Chapman, 1960) by 2 much simpler method. In the right portion of figure 20, each
curve represents a constant value of pge, and the domain for no ring waves

(psf < 0.075% atm) is conveniently illustrated in such a plot. As the entry velocity
Vi 1s increased, both the ablation yg and the pressure pge 1increase, as would
be expected. As the entry angle is increased, and the descent becomes steeper

(sin 7i = 0 corresponds to horizontal entry, and sin 71 = 1 to vertical), the pres-
sure increases, but the amount of ablation decreases: the steeper entries involve
a shorter duration of heating, which more than compensates for the accompanying
increase in pressure. At entry velocities less than about 5 km/sec, the ablation
would be negligible, and such trajectories, of course, are excluded as possible aus-
tralite entry trajectories; similarly, at very shallow entry angles (sin 74 < 0.14,
71 < 8°9), the pressure is too low (pgr < 0.075 atm) for ring waves to form, and
these trajectories also are excluded. A glance at the opposite inclinations of the
two sets of curves in figure 19 reveals that for a particular yg and a particular
Psf, the two curves would intersect at a point which determines both Vi and y4,
and, therefore, the entry trajectory of the tektite. In practice, however, the
determination of yg for a given tektite is not exact, the calculation of Vi(74)
for a given yg 1is not perfect, and a given ring-wave spacing corresponds to a
range in pressure, rather than to a single pressure. Consequently, in the appli-
cations herein, the yg and pgp lines each become bands, and their intersection
becomes a zone, somewhere within which would be the true Vi and 74.

In anelyzing the amount of ablation on the australite primary shapes, which
constitute various figures of revolution, four complications must be given
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consideration: (1) an axially symmetric configuration which can fly stably in
only one attitude relative to the flight path -- such as a teardrop, or a round
form with an internal bubble displaced off center, or a sizably oblate spheroid,
or an elongate form -- generally cannot be expected to have entered the atmosphere
at exactly that attitude required for stable flight, and must be expected to have
turned, or wobbled, or perhaps to have tumbled, in the early and pre-ablation
stages of entry; (2) some of the axially symmetric round forms may have been
significantly oblate spheroids, rather than perfect spheres; (3) prior to entry,
some of the primary tektites may have been slowly turning about an axis inclined
to the flight path direction; and (4) some of the tektites which today exhibit a
thoroughly bubbled pitted posterior surface, may have been shrouded with a shell
of glass froth prior to their entry into the earth's atmosphere. By restricting
attention to the perfect button variety of tektite, some of which can be shown to
possess a complete "first-and-only" flange (e.g., see fig. 9) and which can be
proven to have been of nearly spherical primary shape, the first two of these
complications automatically are avoided. Also, by considering a sufficient number
of such australites the third complication is circumvented. The Port Campbell
australites, as noted by Baker, generally exhibit a bubble-pitted base of texture
entirely different from the smooth-surfaced flange surrounding it. Thus the
pitting may be partly original and partly due to terrestrial etching. Such
pitting is to be expected for formation of primary shapes in a near vacuum: boil-
ing temporarily would occur at the surface, though not necessarily in the interior
which is slightly pressurized by surface tension. The abundance of pits with
relatively sharp edges show that the melting has not occurred on the base, and
that the base has not faced upstream during the ablation phase of entry. There
appear to be few exceptions to these characteristics. Hence, by considering a
number of round-form, perfect-button tektites, we can be assured that any pre-entry
turning, which might be important on an occasional tektite that happens to have
had some initial rotation about an axis perpendicular to the flight path, is of
minor importance in determining the amount of ablation on most of them. For the
results to be presented subsequently, the possible effect of pre-entry turning,

as well as the possible effect of the presence of a pre-entry shell of glass froth,
would be to increase somewhat the calculated velocities of australite entry.

A significant feature exhibited by the australite buttons is their wide
variance in apparent amount of ablation. This feature has been previously empha-
sized by Baker (1959, P. 73). For a nearly spherical primary shape, the amount of
ablation is readily deduced from the equation yg = 2R - Dg. Values of yg have
been tabulated by Baker (1962a) for 23 perfect buttons from the single site of
Port Campbell, Victoria; they vary from 0.55 cm for P.B. 16 (perfect button number
16 in Baker's tabular data) to 1.65 cm for P.B. 5. Such a large variation is not
to be ascribed to differences in silica content, inasmuch as buttons with the same
specific gravity show a similar variation (cf., yg = 0.55 cm for P.B. 16 having
p =2.394, and yg = 1.40 for P.B. 18 having p = 2.395). Also, this variation
is not to be attributed to differences in initial radius, inasmuch as buttons with

the same initial radius show significant variations (cf., Vs = 0.5 for P.B. 1
having Rp =1.03, p = 2.373, and yg = 0.99 for P.B. 9 having Rp = 1.05,
p = 2.377), and inasmuch as variations in Rp have only a very small effect on
the calculated yg. This latter result may seem strange at first, but is to be

expected since both the heating rate and the total heat absorbed per unit area by
laminar convection during entry vary as «m/CDAR (see, e.g., Chapman, 1959), and
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m/CDAR, which is equal to 4p/3Cp for solid spheres, is independent of R. It is
for this reason that yg, rather than the volume or mass percent of ablation, is
the fundamental quantity characterizing the amount of ablation. The sizable vari-
ations exhibited by yg are therefore significant and will lead to considerable
variations in the Vi(yi) curves deduced for the various australite buttons. If
the australites are cosmic in origin Vi for direct entry would be essentially
constant for all, and the sizable variation in yg for tektites from the same site
must be accounted for either by such circumstances as entry at different angles at
different times (due to the earth's turning while a large cluster lands), or by
the existence of mainly oblate spherolds rather than spherical primary shapes. If
the australites are terrestrial in origin, the flight range from their location of
origin to that of their common landing place must be constant, and the yg vari-
ations are to be accounted for either by such circumstances as the permissible
variance in V4 and y4 consistent with a constant range, or by the prevalence
among the primary shapes of sizably oblate, rather than of nearly spherical,
spheroids. We shall examine these circumstances in greater detail subsequently,
to see which ones are compatible with the over-all evidence.

It is of interest to demonstrate how the stria distortions in the thin melt
layer depend markedly on the rate of aerodynamic heating qg. Two thin sections
illustrating this are presented in figure 21. Both models were fabricated from
one Indochina teardrop (ICEOE, originally an 18 gm teardrop from Dalat, South
Viet—Nam), and both were ablated for about 7 seconds - but at considerably dif-
ferent heating rates: that on the left with larger flange was ablated at
dg = 156 cal/cm2 sec, and that on the right with smaller flange at gqg = 90 cal/cm?
sec. It is apparent from the systematic striae distortions that the thickness of
the melt layer is smaller for the larger rate of heating, as it should be according
to ablation calculations. Thus, entry at high velocity and steep angles encounters
mich greater heating rates and thinner melt layers than entry at small velocity
and shallow angles; and a comparison of the observed striae displacements a(y) on
a given tektite with those calculated for entry at various V4 and y4{ enables a
zone of compatibility in Vi(yi) coordinates to be delineated. Somewhere within
this zone the entry conditions are to be found.

Proceeding now with the determination of entry trajectories for various
tektites, we start with australite B279 (number 279 of Baker's collection). The
principal characteristics of this tektite are included in the following table of
australites, the entry trajectories of which are computed in the present paper:

pestamtion | 520 | B2 | B | B0 (= om0, | jSoliestion e,
B9 2.371 |1.10[1.36 |0.99 0.90 g:ﬁ;;glf?rgictoria
e 2:373 |2.03 | 1.3 -6l - ?Zﬁ;géli?r\sictoria
BB 2:391 1112 | 1.2 16 1.0 gzﬁ;;élf?r$ictoria
P.B. 6 2.397 [1.23|1.23 1.0k 1.33 g:g;gélifrsictoria
B0 2:372 11.3811.66 | 1.03 -32 gaafx;;‘élll)?rsictoria
C625 2.hol .92 {1.19| .92 .50 Szzzi:?;N?g?rlotte
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As previously mentioned, australite B279 is the only tektite for which data has
been obtained on the distortion of internal striae d(y), as well as on the amount
of ablation and on the spacing of ring waves. For this australite, the character-
istic thickness of the liquid layer is & = 0.0l cm (see fig. 7). The two dashed
curves in the left portion of figure 22(a) correspond to the range between

5 = 0.008 and 8 = 0.012, a range that allows for realistic uncertainties in the
accuracy of determining ©. We see that the zone between the two curves deduced
from the values of Psfs which are compatible with the first ring-wave diameter

(Dwi/RF = 0.99), follows a trend similar to that deduced from 8 but is somewhat
displaced. The zone between the two curves obtained from the apparent amount of
ablation (ys = P2RB - Dg = 0.90 cm), however, follows an opposite trend. The
higher curve of these latter two represents method I, and the lower method II,
which we expect from the comparison with flight data mentioned earlier to under-
estimate and to overestimate, respectively, the amount of ablation. The crossing
curves delineate a certain zone of intersection wherein all three sources of data
are mutually compatible. This zone lies in the entry velocity range around

11 km/sec, and at an entry angle of about 12° from the horizontal (sin yi =~ 0.2).
Australite B279 was one of the specimens for which the original entry calculations
(Chapman, 1960) indicated a velocity of between about 10 and 12 km/sec and an angle
between about 5° and 10°. In comparison to these earlier results for australite
B279, the present results, wherein data on ring-wave spacing are considered and
wherein much more elaborate calculation methods are employed, are seen to be in
reasonable agreement.

In the right portion of figure 22(a) are shown the entry zones determined
for three of Baker's perfect button australites. Each zone is demarked by a
boundary at the top left obtained from yg and computation method I, and at the
bottom-right obtained from yg; and computation method II. The bottom left and
top right boundaries to the zone are obtained from ring-wave spacing and the
corresponding range in pgp. In a few cases the ring-wave sculpture is such that
the first wave clearly is either in the early stages of development when it forms
a bump rather than a crest, or in the later stages where it is about to become a
second ring wave and surrounds a central hump. Experience has shown that in such
cases the first wave safely can be regarded as corresponding to either the first
half, or the second half, respectively, of the ring wave cycle. Australites of
this type, for example, are P.B. 1 and C625. Each of the zones for perfect buttons
demarcated in figure 22(a) is representative of more than one australite: thus,
the domain for P.B. 1, with yg = 0.56, is similar to that for three other perfect
buttons exhibiting relatively small amounts of ablation (P.B. numbers 3, {, and
16, with yg between 0.55 and 0.65 cm); also, P.B. L4 with ¥ = 1.0 cm is similar
to five others exhibiting a medium amount of ablation (P.B. numbers 2, 9, 13, 1k,
15 with yg Dbetween 0.9 and 1.1 cm); and P.B. 6 with yg = 1.33 cm is similar to
four others exhibiting a relatively large amount of ablation (P.B. numbers 8, 18,
20, 21 with y, Dbetween 1.3 and 1.4 cm). The rather large variation in entry
velocities and angles deduced for these australites, all of which were found at
one site, 1s a circumstance which commands careful consideration in comparing these
entry trajectories with various hypotheses as to the origin of the australites.

Australite buttons from areas other than Victoria reveal ablation features

similar to those on the Port Campbell tektites, and correspond to entry conditions
that are not greatly different. One such example is australite Au9, from Western
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Australia, the entry conditions for which are depicted in the left portion of
figure 22(b). Also shown are the entry conditions for australite 625, from
Charlotte Waters, near the northern boundary of the central portion of the Austra-
lian strewnfield. This latter button exhibits the smallest amount of ablation

(yg = 0.50 cm) of all the solid australite buttons of comparable size for which we
thus far have obtained detailed measurements. Tektite B89O exhibits an amount of
ablation that is still smaller, but this is attributable to a large, asymmetrically
disposed, bubble cavity which it contains (a cavity reduces m/CDAR, the heat
absorbed, and the amount of ablation). In the case of B89O the Vg Vvalue is

0.32 cm, as determined from an average between values deduced by geometric recon-
struction from an off-center section profile (kindly provided by Dr. George Baker),
and by numerical integration of the flange volume as deduced from the cross sec-
tional area of the flange. The value of 0.32 cm for yg is the smallest of any
australite, solid or hollow, that we have thus Tar studied. As noted earlier, any
configuration, such as an asymmetric hollow tektite, that has only one attitude

for stable flight, can not be expected to have entered the atmosphere at precisely
the proper attitude for aerodynamically stable flight: on such australites some
ititial turning, or twisting, or wobbling into the aerodymamicelly stable position
undoubtedly took place during the early stages of entry. In the process of turning,
the stagnation point wanders over the surface of the tektite, distributes the
heating over a greater area, and results in considerably less ablation than in the
case of a nonturning tektite (such as a uniform sphere which is properly oriented
for stable flight no matter what attitude it possesses prior to entry). It is
unrealistic, therefore, to compute the entry velocity of tektites, such as B890,
which can fly in only one attitude, under the assumption of zero turning and per-
fect aerodynamic orientation throughout entry. In the appendix to this paper some
details are given of the computational method employed to account approximately

for the turning which is expected during the early stages of entry of such tektites.
Those portions of the domain boundaries represented by dashed lines in figure 22(b),
correspond Lo the extension in the calculated entry conditions brought about by
turning. It is seen that, when turning is disregarded, the Vi range for B890
extends only from about 7 to 10 km/sec; but, when turning is considered, V; extends
from 7 to about 13 km/sec. Complications introduced by the uncertain amount of
turning constitute valid reasons for selecting the perfect button australites,
rather than asymmetrical forms, for subsequent discussion of the entry conditions

of the Australian tektites.

It is of interest to illustrate alsc the approximate entry conditions for
tektites from Java. Unlike the primary australites, the primary javanites were of
relatively irregular form; hence, the deduction of their entry conditions is subject
to a considerable uncertainty in estimating yg, as well as to an uncertainty in
estimating the expected effect of turning on such irregular shapes. Entry calcula-
tions for the Jjavanites also involve some uncertainty in the appropriate physical
properties to use (especially vapor pressure) inasmuch as our experiments were
conducted on australite glass of a somewhat different composition. Nevertheless,
the approximate entry condition for two examples have been computed: (1) 2 11.4% gnm
core, specimen J1, for which the estimated yg is 0.58 cm, the ring wave spacing
is le/RF ~ 0.85, and the initial radius is taken as 1 cm (this core has been
figured by von Koenigswald (1960, figures 6(a) and 6(b)); and (2) a smaller core,
specimen J2, representative of the size which is marginal for the production of
ring wave flow ridges. Studies of various small cores in the collection of
von Koenigswald revealed that Rp =~ 0.6 cm, yg ~ 0.29 cm, and Dwy/RB ~ 1.0, divided
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the smaller tektites without flow ridges from those with flow ridges. For both
specimens the physical properties were taken as those of an australite with p = 2.46
(the value of p for J1, as communicated to us by G. H, R, von Koenigswald). The
computed domains for atmosphere entry of J1 and J2 are shown in the right portion
of figure 22(b). As in the case of B8O, the domain boundaries represented by
dashed lines correspond to the effect of turning on the calculated entry conditions.
It is worthy of note that the flow ridges on the smaller javanites generally form
an arc on one side of the front face, rather than a central ring, thus suggesting
that some turning still existed even at the termination of ablation. In considera-
tion of these circumstances, together with the several uncertainties introduced by
the irregular shapes of the primary javanites, about all that can be deduced from
the computed results for J1 and J2, is that the javanite entry velocity would be in
the range between about 7 and 12 km/sec. Thus, as in the case of australite B89,
the entry trajectories for the Javanites involve considerable uncertainty, and are
not of comparable accuracy to the trajectories determined for the perfect button
australites, wvhich are considered in greater detail subsequently.

HYPOTHESES OF TEKTITE ORIGIN

Some very significant experimental evidence pertaining to the mechanism of
formation of tektites has been published recently by Chao, Adler, Dwornik and
Littler (1962). They have discovered perfectly spherical metallic inclusions of
near meteoritic composition completely embedded within certain tektites from the
Philippines. The spherules range in size from 0.1 to 0.5 mm, shine in reflected
light with a metallic lustre, and are free of any trace of oxidation. Their com-
position was found to consist mainly of kamacite, a phase of iron (about 95 per-
cent) and nickle (up to 3 percent), which is a composition approaching that of
iron meteorites. Chao, et al., have noted that similar spherules, though smaller,
are abundant in the terrestrial impact glasses found near the meteoritic crater of
Al Hadida (Wabar). Many years earlier, Spencer (1933a) reported the observation
in australite and indochinite microsections, of a few imbedded spots also showing
a metallic lustre by reflected light. Although these inclusions were not chemi-
cally identified, Spencer noted that they were of similar dimensions and of the
same appearance as the metallic spherules which he had previously observed in the
terrestrial impact glasses from the meteoritic craters of Wabar and Henbury. Con-
sequently, Spencer (l933b) surmised that tektites originated from the impact of an
iron meteorite in earth rock. This suggestion, that hypervelocity impact from a
meteorite was the machanism which formed the tektites, is now given added experimen-
tal support by the petrologic evidence of Chao and his colleagues; but Spencer's
assumption that the earth was the planet on which that impact took place, is con-
tradicted by (1) the ballistic experience of past generations which has established
that small objects flying through the atmosphere from a single location cannot pos-
sibly overspread an area the size of the Australian continent; (2) the aerodynamic
experiments with masses of fluid glass ejected into the atmosphere, as described
earlier, which demonstrate that the australite primary shapes were formed in an
essentially atmosphereless environment; and (3) the aerodynamic ablation experiments
of the past two years which, as explained later, establish entry trajectories for the
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australites that are uniquely compatible with origin from the moon, rather than

the earth. In subsequent portions of the present section a discussion is presented
of various hypotheses of tektite origin with emphasis on the several sources of
aerodynamic evidence.

One conclusion from the experiments on the breakup of glass drops -- which
is pertinent to the origin of tektites, irrespective of whether from a terrestrial
or an extraterrestrial source -- is that it is possible for two different groups
of tektites, such as those in Australia and in Indochina, to have grossly dif-
ferent primary shapes, and yet be congenetic from a single impact. The variance
of primary shapes between strewnfields is indicative of different viscosities of
formation, as Beyer (1942) previously has emphasized. In contrast to the
australites, the indochinites are largely teardrops (Lacroix, 1932). Different
portions of the ejecta from an impact necessarily would be expelled at different
temperatures; that expelled from the first and most intense stage of shock prop-
agation through the target crust would have a higher temperature than that
expelled from later and less intense stages of propagation. The variation in
temperature of tektite glass required to increase the viscosity by a factor of 12,
which as shown earlier, is sufficient to produce shapes that are largely teardrops
instead of spheres, is about 500° C. Since this difference in temperature is
relatively small compared to the several thousand degrees produced during impact,
and since fused ejecta from an impact vary in velocity as well as in temperature,
it i1s clear how one event could produce a conglomeration of ejecta, both frag-
mented and fused: the higher temperature portion of the fused ejecta -- in the
absence of molesting aerodynamic forces -- would produce largely spheres, a some-
what lower temperature portion, largely teardrops, and a still lower temperature
portion, largely irregular shapes. Hypervelocity impacts, though, normally pro-
duce a mass of ejecta which is many times greater than that of the projectile,
as shown, for example, by Denardo (1962). Hence, if the impact were on earth,
there should be found somewhere the remains of a large quantity of ejecta pro-
duced concurrently with the tektites. If the impact were on an extraterrestrial
body such as the moon, the principal quantity of ejecta would have remained there.
For a typical meteoritic projectile impacting on the moon, some of the debris
would escape the moon. Under such circumstances it is envisioned that the
escaping debris would contain some ejecta of the fused variety, of widely
different viscosity, which would rapidly solidify into myriads of glass cbjects
of different primary shapes.

Origin from terrestrial impact.- The hypothesis that tektites originated when
some cosmic body collided with the earth, was first suggested by Spencer (1933).
In recent years this suggestion, in various modified forms, has been supported
extensively by Urey, 1955, 1957; Barnes, 1961; Cohen, 1961 and Gentner, Lippolt,
and Schaeffer, 1962. As one criticism of this hypothesis, some scientists (e.g.,
Nininger, 1943) have pointed to the experience of ballistics that atmospheric
retardation at hypervelocities is tremendous and, consequently, restricts severely
the flight range of small objects. Such restriction leads to the inevitable con-
sequence that the spread of objects as small as tektites from coast to coast over
Australia is not to be attributed to the flight of terrestrial impact debris
through the atmosphere. In recognition of this criticism, advocates of a terres-
trial impact origin for tektites have invoked the assumption that somehow much of
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the earth's atmosphere was removed during the impact phenomenon, thereby enabling
the fused earth initially to fly through a near vacuum, subsequently to solidify

into primary forms in outer space, and finally to re-enter the atmosphere over
Australia.

The extent to which the earth's atmosphere must be depleted to enable a
relatively small tektite glass sphere of l-cm diameter to exit from the atmosphere
with a velocity compatible with the areal distribution of the australites has been
determined from numerical solutions of the ballistic trajectory equations. Expo-
nential atmospheres of varying sea-level density Ppo Wwere investigated, and the
calculations carried out on an IBM 7090 electronic digital computer. Various
initial velocities, V5 from 1 km/sec to 20 km/sec, and initial angles, 7 from
5° to 45° relative to the horizontal, were considered in the calculations. It was
found that, even with ejection at the optimm angle for maximum range, and at
velocities up to 20 km/sec, the tektite would travel only a few hundred meters in
the standard earth's atmosphere (po = 0.0012 gm/cmﬁ); only a few kilometers if
90 percent of the atmosphere were depleted (pp= 0.00012 gm/cm3); and about 30 km
if 99 percent were depleted (po = 0.000012 gm/cm&). If 99.9 percent were somehow
removed, however, a swarm of rigid glass spheres of l-cm diameter could manage to
escape with the velocity requisite for spreading over an area comparable to that
of Australia; but, in so doing they would be subjected to aerodynamic pressures --
in this reduced density of 10~8 atmosphere -- of about one atmosphere pressure
differential from stagnation point to base. Such a pressure differential is sev-
eral thousand times greater than a molten blob of tektite dimensions can withstand
without disruption (see eq. (1)). The hypothetical earth ejecta must have been
molten in order to account for the two periods of heating of the australites.
Consequently, in order to explain the survival of nearly spherical drops of several
centimeters radius, the atmosphere through which the molten primasry bodies passed
must have been much more tenuous than the 0.001 atmosphere required to enable
rigid nonablating objects of these dimensions to escape the atmosphere.

The aerodynamic requirement developed earlier, that pg - pp = pOOVOO2 < 200
dynes/cm? during formation of the primary australites, enables an upper limit to
be established on the atmospheric density that is compatible with the hypothesis
of australite origin from a terrestrial impact. The exit flight velocity would
have to be essentially constant since the fused blebs could not withstand more
than about 0.015 g deceleration; moreover, this nearly constant exit velocity
from the atmosphere would equal the reentry velocity into the atmosphere, and this
must be the order of 10 km/sec (see fig. 22). TFor Vg = 10 km/sec the aerodynamic
requirement that pwsz < 200 dynes/cm?, becomes p, < 2X10~7 atmospheres. This
relatively high vacuum would have to be produced over a radius of about 500 kilo-
meters to allow fused earth in the case of the australites to exit at angles as
small as 12° (see fig. 22, and note that the exit angle equals the entry angle).
Such a vacuum over such an area would enable molten blobs of fused earth to fly
through unmolested by aerodynamic forces. Thus far, however, it has not been
explained how such an extensive vacuum might be produced from an impact: the
monstrous aerodynamic obstacle to the hypervelocity flight of molten drops through
the earth's atmosphere, has either been disregarded by the advocates of a terres-
trial impact origin for tektites, or, if acknowledged, has been dismissed by
invoking the saving assumption that somehow the atmosphere was removed.
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When a large cosmic body enters the atmosphere, a region of relative
rarefaction is, in fact, produced in its wake. Calculations from inviscid flow
equations indicate that at high velocities a perfect vacuum can be produced; but,
due to the effects of viscosity, the measured base pressure does not fall below
about 0.1 of the ambient pressure (Chapman, 1951). Such a low-pressure regiomn,
that extends only for about one or two diameters downstream of the entering body
and is there followed by the trailing shock wave, does not provide an "out" for
the fused material.

When a blast wave from an intense explosion propagates through the atmosphere,
a central rarefaction zone also is produced; and calculations from inviscid flow
equations again indicate that a perfect vacuum can be produced at the center
(Sedov, 1959). A crucial point, however, is that the propagation velocity of an
intense blast wave attenuates rapidly with distance from the point of explosion:
mass is comserved; the atmosphere is displaced radially outward from the blast
center, rather than removed; and the hypothetical fused earth must eventually pass
through and overtake the propagating wave of variable density and diminishing
velocity. Numerical calculations using the approximate empirical scaling law of
crater volume proportional to expended energy, and the equations of radially
symmetric blast wave propagation (Sedov, 1959), show for example, that an object
moving at 10 km/sec would soon overtake the propagating blast wave: after prop-
agating a distance equal to the diameter of the crater produced by the impact,
the wave propagation velocity would be small compared to 10 km/sec. Thus the
blobs of hypothetical fused earth must fly at essentially constant velocity,
first through the propagating field of continually increasing density within the
blast wave, and then through the remaining portion of the earth's atmosphere
exterior to the wave. 1In such a hypervelocity flight, the fused blobs would pass
through densities far greater than the 2X1077 atm limitation, and encounter
relative breezes far stronger than that which molten drops of australite size can
withstand without distortion or disruption. From our experiments we have seen
that the requisite breeze for disrupting such drops is no greater than that which
can be blown from a man's mouth, and this experimental result, together with the
above considerations, leads us to reject the hypothesis of australite origin from
an impact on earth, as well as from an impact on Venus, Mars, or any other planet
which is shrouded with a substantial atmosphere.

A comparison of the entry trajectories which would be required for a
terrestrial origin, with those determined for the australites is presented in
figure 23. The dynamic restrictions for a terrestrial origin of these perfect
buttons from the single site of Port Campbell are that Vi <« 11.2 km/sec (the
earth's escape velocity), and that the various Vi and y4 values correspond to a
fixed range from the supposed point of exit from the atmosphere. Lines of constant
range, expressed in terms of the corresponding arc angle 6 subtended at the
earth's surface, are superimposed on the Vi(y1i) plot in figure 23. All possible
entry trajectories compatible with a given range are represented by these lines.
At range angles of less than about 90° (less than one-fourth the way around the
globe) none of the corresponding Vi(73) points are within the domains of the
various perfect buttons. For 6 = 1800, that is, an origin half way around the
globe from Port Campbell, the ablation features of P.B. 1 could be accounted for,
since the 6 = 180° curve intersects the domain for this australite, but the
ablation features on the others could not. For larger ranges, such as about 3150,
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or 7/8 the way around the globe, P.B. 4 or P.B. 6 could be accounted for, but not
P.B. 1. It is clear, in fact, that there is no point of origin on earth which
would be compatible with all of these trajectories determined for the perfect-
button australites.

One technical point which warrants comment, concerns the influence on ablation
calculations of the tektite temperature prior to entry into the atmosphere. Under
the hypotheses of a terrestrial origin it might be expected that the tektites were
still warm when they reentered the atmosphere. The temperature of ablation is so
much higher than ambient temperature, however, that it makes little difference to
the ablation process whether the initial tektite temperature was 300° K, for
example, or a few hundred degrees higher. Even the largest australite cores are
undeformed by the aerodynamic pressures to which they were subjected and, hence,
were rigid prior to entry. OSince these larger forms must have cooled to a tempera-
ture well below that for softening, the smaller buttons analyzed herein -- which
would cool much more rapidly than the large cores -- would have been cool enough
prior to entry that a knowledge of their exact initial temperature is not of major
importance to the determination of theilr entry trajectories.

According to the foregoing evaluation of the two aerodynamics requirements
developed in this paper -~ namely, that the primary australites not be exposed
during formation to more than a gentle breeze of air (Ps - pp < 200 dynes/cm?),
and that the australite entry trajectories be compatible with those determined
from their ablation characteristic -- neither is satisfied by the hypothesis of
tektite origin from terrestrial impact. It is emphasized that the entry-trajectory
evidence stands unaffected by the particular hypothesis as to how terrestrial
debris might manage to emerge from the atmosphere: +the atmosphere entry evidence
would be equally applicable had the impact been from a large meteorite or a comet,
or had the primary australites been otherwise propelled through the earth's atmos-
phere. Aerodynamic evidence of such a nature constitutes a valid basis for
rejecting the hypothesis of terrestrial origin for the australites, and by
inference, also for the other related groups of tektites.

Origin as ablation drops from a parent body.- This hypothesis was suggested
in a primitive form by Hardcastle (1920), supported by Lacroix (1932) and Fenner
(1938), revived in a modified form by O'Keefe (1960), and resupported by E. Adams
and Huffaker (1962b). In the modified form, it is assumed that a large parent
body grazed an edge of the earth's atmosphere at about parabolic velocity
(11.2 km/sec and shed numerous ablation drops; some of these drops are presumed
to have exited from the atmosphere with a velocity somewhat less than the escape
velocity, then solidified in their orbit around the earth, and finally reentered
the atmosphere over Australia. Such a hypothesis relies on the rare incidence
(a probability of several in a thousand) of a grazing rather than a direct entry.
This hypothesis requires: (1) that the ablation occurred at a sufficiently high
altitude so that drops of australite size were neither flattened nor disrupted by
aerodynamic pressures; (2) that the reentry angle, which equals the atmosphere
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and (3) that the tektites found at a fixed site come from essentially the same
orbit and enter the atmosphere at essentlally the same Vi, as well as at the same
7i- That (1) is contradicted by the aerodynamic evidence may be seen as follows:
the condition of equation (1) that Poo’ oo 2 < 200 dynes/cm® during formation of the
soft primary spheroids, at a grazing ve1001ty of 10 km/sec, demands that
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1/2 oV 3 -- the maximum possible amount of aerodynamic heating per unit area from
all convective and radiative sources -- be less than 1/2(200)(108)=108 erg/cm2 sec,
or less than 2.k cal/cm2 sec. This is a relatively trivial amount of heating,
insufficient to raise the parent body temperature above about 1100° K, and entirely
inadequate to have brought about the ablation in the first place, thereby contra-
dicting the ablation drop hypothesis. That (2) also is refuted by the aerodynamic
evidence may be seen from the domain for no ring waves demarcated in figure 20.

At the shallow entry angles required by the hypothesis of a grazing parent body,
and for objects of typical australite size (RB =1 cm), Pgr 1s in the range from
0.02 to 0.05 atmospheres where no ring waves form. Thus this hypothesis is incom-
patible with the observations that ring-wave flow ridges invariably are present on
well-preserved australites of such size. Finally, that (3) is contradicted by the
Port Campbell australite entry trajectories may be seen from a glance at figure 22,
which shows a wilde range of entry conditions for Vi(yi) rather than a single set.
The parent body ablation drop hypothesis, therefore, is not considered further.

Extraterrestrial origin in general.- For a single shower of objects from an
extraterrestrial source to have landed on only a small portion of the earth's
surface, it would have been necessary for their entry velocities to all have
essentially a common value, and for this value to have been greater than or approx-
imately equal to, the earth's escape velocity of 11.2 km/sec The various entry
angles, however, need not have been the same even for tektites found at one site,
provided the cluster 1s sufficiently large for the earth tec have turned a sub-
stantial amount during the interval in which the cluster landed. Wide variations
in entry angle for common-site tektites, however, imply large cluster dimensions,
as is illustrated by some examples in figure 24. In this plot the domains covered
by the various perfect buttons can be used, along with the equations for hyperbelice
orbits, to compute the approximate cluster dimension corresponding to a given
cosmic entry velocity. For example, for different common-site tektites to have
entered at different angles within the range demanded by the various perfect button
australites for V; = 13 km/sec, the earth would have had to rotate for about 5
hours while the cluster landed; at the earth approach velocity of 6 km/see corre-
sponding to Vi = 13 km/sec, this duration of landing implies a cluster of dimen-
sions the order of 100,000 km. This is much larger than reasonably would be
expected to land only on a confined portion of the globe. At lower values of Vi
the implied cluster dimensions become smaller, approaching zero slowly at Vg
approaches 11.2 km/sec. The implied cluster dimensions are a few thousand kilo-
meters - the appropriate dimensions for the Australian continent - for values of
Vi a fraction of a km/sec above the earth's escape velocity. This narrow range
of entry velocity is the same as that originally deduced for the australites
(Chapman, 1960).

Extrasolar-system origin.- Such an origin was suggested in 1898 by Krause
(as reported by Baker 1959) and recently revived by Kohman (1958). For a cluster
of objects to come from outside the solar system, the minimum possible velocity of
entry into the earth's atmosphere would be about 16.6 km/sec. This minimum corre-
sponds to an extremely rare circumstance, since it represents a trajectory which
accidentally happens to approach in the plane of the earth's ecliptic, and which
also happens to zero in along the same direction of motion as that which the earth
has at the instant of entry. Even this extremely unlikely minimum condition,
however, requires that the entry velocity be far greater than that which is com-
patible with the relatively small amount of ablation on australites, such as P.B. 1
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or C625. The hypothesis of tektite origin from a source external to the solar
system is unequivocally rejected by the aerodynamic evidence. It also has been
rejected by Anders (1960) and by Viste and Anders (1962) on the equally substantial
basis of an absence of the cosmic ray spallation isotope A12® in tektites; such

an isotope would be present in readily detectable amounts if the tektites had been
long exposed to the interstellar cosmic radiation.

Origin from asteroidal belt, or lost planets.- The hypothesis of origin from
disrupted planets, as suggested by Stair (1954) and Cassidy (1956), or from celes-
tial objects in the solar system which are small enough to not possess an atmos-
phere, is compatible with the aerodynamic requirement that a negligible pressure
differential for pg - pp existed during primary formation; but such a hypothesis
encounters contradictions with other evidence. The absence of detectable A12% in
tektites, for example, corresponds to a maximum cosmic flight time of 90,000 years
(Viste and Anders). This maximum is several orders of magnitude smaller than the
expected time of flight between the hypothetical production somewhere in the solar
system and the accidental collision with the earth. Moreover, a typical meteorite
from the asteroidal belt enters the earth's atmosphere at velocities of about
17 km/sec according to Whipple and Hughes (1955); and, as we have seen, these
relatively high entry velocities are incompatible with the ablation evidence.

Even extremely rare trajectories from the asteroidal belt which happen to enter in
the plane of the ecliptic and along a path tangent to that of the earth at the
instant of collision, require velocities of about 13 km/sec, and these imply exces-
sive cluster dimensions. Additional contradictory evidence has been pointed out
by Urey (1955, 1957) from considerations of the magnitude of cluster density which,
during heliocentric orbit of a tektite swarm, is required to prevent dispersion
through the perturbing differential attractions of the sun's gravitational field.
The requisite cluster density during orbit at the earth's distance R from the
sun of mass M is about M/R3 (see, e.g., Russell, Dugan and Stewart, 1945,

p. b46), and this amounts to about 10~6 gm/cm3 which, for the Australian strewn-
field of 3,000 km breadth, implies an area density of 300 gm/cm? -- or a layer of
tektites piled about a meter deep. This definitely is not the case. As Urey has
pointed out, these cogent considerations of requisite cluster density eliminate
many hypotheses as to tektite origin, and leave only the earth, the earth's moon,
and an extrasolar origin for consideration. We have already rejected the earth
and an extrasolar origin from aerodynamic evidence, and, thus, by the process of
elimination, are left with the moon as the expected source of origin.

Lunar origin of tektites.- This hypothesis was suggested early by Verbeek
(1897) who regarded the lunar volcanoes as possible sources of tektite origin.
Linck (1928) has given this ideal some support, and Nininger (1943) has advanced
the specific suggestion that a meteoritic impact on the moon was the mechanism
which sent tektites to the earth. The evidence for lunar origin of the austra-
lites i1s much more substantial than the evidence outlined above from the negative
approach of discrediting or eliminating essentially all other origins. Gault,
Shoemaker, and Moore on the basis of recent hypervelocity impact experiments at
the NASA Ames Research Center show that impact at V = 6 km/sec is sufficient to
fuse quartz particles. Since meteorites strike the moon at considerably greater
velocity, and apparently produce some very large craters, a mechanism is provided
for sending a quantity of fused lunar crust to the earth which is ample to account
for the mass of tektites. In this regard it is to be noted that the amount of
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fusion increases as the compressibility of the target material increases. One
of the most consistent results from optical and radio wave observations of the
moon (e.g., Baldwin, 1961, Giraud, 1962, Troitski, 1962) is that the lunar crust
is composed of a vesicular, hence, compressible, material. The deduction of
Troitski, for example, that p = 0.5 gm/cm3 corresponds to a lunar crust that is
composed of a frothy material that i1s mainly voids and that is readily fused upon
being shock compressed from an impact. It is pertinent to note also that the
presence of threadlike rays emanating from certain of the lunar craters is proof
that a mechanism exists for directing crater debris to within a sufficiently
confined angular dispersion so as not to cover the entire earth, but to over-
spread areas of continental dimensions. Moreover, this "jetting" phenomenon is
commonly observed in hypervelocity impact experiments (Denardo, 1962).

The most decisive evidence for assoclating tektites with the moon comes from
the aerodynamic considerations. The .requirement that pgy - Dy = pOOVOO2 < 200
dynes/cm2 during primary tektite formation is obviously satisfied by the moon's
extremely tenuous atmosphere; and the aerodynamic requirement from the trajectory
determinations, that the entry velocity be in the range slightly above about
11.2 km/sec - as deduced for the Port Campbell buttons whose entry trajectories
are represented in figure 24 - is uniquely compatible with a lunar origin. In
this way the aerodynamic evidence directly connects the australites, and hence the
other related tektites, with the moon.

No conclusion based on deductions from experimental investigations is absolute
in the sense that it does not rest on some assumption. In the present case the
trajectory evidence, which appears to reject unequivocally all celestial objects
except the moon, is based on the fundamental assumption that the primary australites
were elther spheres or nearly spherical spherocids prior to entry into the atmos-
phere. We have shown how this can be proven to have been the case for certain
australites. To our knowledge this cannot be proved for all of them. This par-
ticular assumption, however, is based on the results of studies of thousands of
australites by Fenner and Baker, and thus far has not been gquestioned in the
tektite literature. The present trajectory evidence for the australites is also
based on the assumption that most of the primary spherolds were either not rotating
prior to entry, or, if rotating, were turning with a sufficiently slow motion to
be damped before ablation started, so that the ablative phase of entry occurred in
the absence of significant yawing or pitching motions. It is to be noted that
many of the perfect buttons analyzed possess a ring-wave system that is remarkably
concentric, and could not have had any appreciable transverse motion during abla-
tion. This evidence, together with that previously discussed as to the general
absence of surface melting on the bubble-pitted posterior surfaces, lead us to
disregard consideration of slow initial turning in analyzing the majority of per-
fect button australites. For an occasional one which, prior to entry, may have
been turning about an axis perpendicular to the flight path, the actual entry
velocity would be somewhat higher than computed herein. On the other hand, for a
primary spheroid that was sizably oblate, rather than closely spherical, the actual
entry velocity would be lower than computed. The over-all entry conditions deduced
for the three groups of perfect buttons represent the majority of perfect buttons,
and are believed not to be significantly affected by these considerations.
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One of the most interesting aspects about the idea of a lunar origin for
tektites is the consequence therefrom that the moon, like the earth, is a thor-
oughly differentiated celestial body. The moon is not sufficiently massive to
encompass within its interior significant variations in density due to compressi-
bility of the solid matter of which it is composed. Since the density of tektites
(2.3-2.5) is considerably less than that of the moon's average (3.3), it follows
that the interior cannot be homogeneous, and that the crust must be lighter than
the core. Under the accretional hypothesis for formation of bodies within the
solar system from common cosmic matter, a differentiation in density of this
magnitude would be associated with a differentiation in chemistry, and major dif-
ferences would be expected in the distribution of chemical elements between tek-
tites and the cosmic, or solar, average. To provide a background for comparison
of various chemical abundances, we have represented in figure 25 the logarithm of
the elemental abundances in the sun, the meteorites, the early-type hot B-stars,
and the planetary nebulae. These distributions, which are normalized relative to
log N = 5 for Si, were compiled from the literature (Aller, 1959; Goldberg, Muller,
and Aller, 1960; Krinov, 1960; Suess and Urey, 1956). Where discrepancies existed
for a given element, an average was taken. As is well known, the sun, and certain
of the stars and nebulae, exhibit mutually similar abundances, with the light-gas
elements H and He being the most prevalent. The meteorites, on the other hand,
come from relatively small accumulations of matter and are highly deficient in the
volatiles relative to their massive and luminous cosmic relatives. For the non-
volatile elements, however, the various celestial objects exhibit a remarkable
uniformity. One exception is 1Ii, which is low in the sun; but this circumstance
is explicable in view of the consumption of ILi through solar nuclear reactions.
Consequently, a mean cosmic distribution of elements can be obbtalned from these
data, and such a distribution is identified as "solarcosmic" in figure 26 wherein
it is compared with the average elemental distributions within the earth crust and
within tektites. Data for the elemental abundances in the earth crust were taken
from Mason (1958) and Rankama (1954), and that for tektites from Buddhue (1956)
and subsequent papers (Krinov, 1958, Taylor and Sachs, 1960). As would be expected,
both the earth crust and the tektites are highly deficient in the volatile elements;
more important, when a given nonvolatile element departs substantially from the
solar-cosmic abundance, it does so for both earth crust and tektites. The rela-
tively high K, U, and Th abundances, and the relatively low Cr, Ni, and Co
abundances, are characteristic of chemically differentiated matter. Thus a lunar
origin for tektites leads to some important consequences about the chemical make-up
of Junar crust and about the cosmological history of the moon: the average ele-
mental abundances of lunar crust are not grossly different from earth crust; and
sometime in its past the moon has been sufficiently heated, presumably by radio-
active elements, to have become a chemically differentiated body.

CONCLUDING REMARKS

We have confined our attention almost entirely to the australites, from
necessity rather than choice. Few of the other tektites exhibit features of sur-
face sculpture or profile form that demonstrably are aerodynamic in origin. The
absence today of aerodynamic markings on such ancient tektites as those found in
North America (over 30-million years K-A age) and in Czechoslovakia (about 1h-
million years K-A age) is readily understandable and demands little comment.




But, to the authors?! knowledge only a partial or clouded aerodynamic record is
present on the much younger tektites from Indochina, Indonesia, and the Philippines,
which have the same K-A age as the australites. This circumstance warrants
considerable comment and involves several important unanswered questions.

Perhaps the most fundamental question about the "australasian" tektites - that
is, those strewn from Tasmania to South China, and from Thailand to the Philip-
pines, - 1s whether or not they represent a single event. Evidence both suggests
and questions the hypothesis that one grand shower of related groups of tektite
clusters descended over these areas of the globe., Many striking chemical similar-
ities between the various australasian tektites have been long known, and have been
recently emphasized in the study of Pinson (1962). Von Keonigswald (1960, and his
earlier papers referred to therein) has pointed out certain systematic morphological
variations in the shapes spread from Australia to China, and has associated contem-
poraneously the tektites found in four different sites in Indonesia and the Philip-
pines with the remains of fossil mammals of middle to upper Pleistocene Age. The
potassium-argon dating of Gentner and Zahringer (1960) has indicated a common
K-A age of 0.6x10° years for each of the various groups of australasian tektites,
Also, the present experiments on the primary forms into which glass of various
viscosity breaks up provides an explanation of how it is possible for the widely
contrasting shape groups (e.g., dominantly teardrops in Indochina, yet dominantly
spheres in Australia) to come from different portions of a single large mass of
fused material; this parent material need only be nonuniform in temperature by a
relatively small amount to produce the widely different shape groups. On the other
hand, this picture of a unified australasian tektite fall is opposed by evidence
from several other sources. Barnes (1961), for example, indicates his belief
that the geological age of the Javanites, indochinites, philippinites, and austra-
lites are all different; and Baker (1960) concludes from his extensive studies of
the australites that they have not been around since Pleistocene times, but have
been exposed no more than 5,000 years to atmosphere and terrestrial agents. It is
clear that additional research is required to fully clarify the question of the
ages and of the number of falls comprised by the australasian tektites.

Another important problem associated with the australasian tektites is that of
explaining why aerodynamic sculpturing today is common on the australites, yet
appears to be rare on the indochinites, philippinites, and Jjavanites. Occasionally
it is stated that only the australites show evident aerodynamic markings; but we
have noted recently (Chapmasn, Larson, Anderson, 1962) that over a hundred of the
smaller javanites in the collection of von Koenigswald exhibit clear aerodynamic
sculpturing. More commonly, however, the javanites are fragments, termed "tektite
waste" by von Koenigswald, and like many indochinites appear to be broken and cor-
roded portions of what were once much larger specimens of unknown shape. In consid-
ering the apparent absence of aerodynamic markings on less regular shapes than the
australites, such as on the tektites found in Asia, several important aerodynamic
circumstances other than fragmentation are to be kept in mind. Three ways in which
aerodynamic ablation can be revealed are by the presence of a flange, the existence
of an obviously modified profile contour, and the existence of systematic striae
distortions in a very thin layer beneath the tektite surface. Of these, the most
conspicuous feature would be the presence of a flange; but melt flow can be expected
to accumulate into a flange only if a tektite is capable of flight at a fixed
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orientation, and if the primary tektite is of sufficiently regular shape to possess
about its circumference a continuous closed line of flow separation that remains
essentially fixed relative to the body. Such is not to be expected on irregular
shapes, nor on shapes such as teardrops that are expected to turn during entry.

If a teardrop, for example, were slowly turning prior to entry, it would continue
to turn during the ablative phase: A flange would not be formed; the heating would
be spread all around the circumference and would be incapable of removing during

a steep parabolic entry more than the order of s millimeter of glass from the origi-
nal contour. After many thousands of years of exposure to tropical corrosion, such a
tektite, which never possessed a flange nor exhibited a marked alteration in pro-
file contour, also will not exhibit a thin outer layer of systematic stria distor-
tions. Under these circumstances the aerodynamic record is first blurred and then
erased; and the apparent absence today of australite-like sculpturing on the indo-
chinites is not a valid premise for concluding that these tektites did not once
possess a thin vell of aerodynamic markings on their exterior. This explanation

is merely a possible one; it may not be the correct one, and it certainly is not
the only one. For example, another possibility is that some very large masses of
glass, the cores of which were still in a fluid but highly viscous state, were
broken up by the large aerodynamic forces associated with large entry obJjects.

In order for an object to still be hot after a Journey from the moon, however, it
would have to be of large dimensions, estimated to be the order of meters. Thus
far there is little substantial evidence for such a hypothesis; while it offers

an explanation of the myriads of teardrop forms found in Indochina (some of which
are flattened), the high concentration of tektites found in certain areas of
Southeast Asia, the dominance of apparently "unablated" tektites throughout these
areas, and the presence of occasional large chunks of tektite glass, it may not
withstand detailed petrological scrutiny. Such a possibility is mentioned here

to emphasize our view that the true sculpturing processes are much less clear for
the Asian, than for the Australian tektites, and that much more research is
required to arrive at a satisfactory explanation.

The uncertainty of circumstances under which the Asian tektites were formed
does not detract from the strength of the aerodynamic evidence as to the origin of
the Australian tektltes. On the external surface and within the internal structure
of the australites, there has been implanted an aerodynamic record of manifest
clarity: the presence of ring-wave flow ridges and coiled circumferential flanges,
which are reproducible in the aerodynamic laboratory; the presence of rare shapes
with wide, hatbrim flanges and a single ring wave, which shapes also are repro-
ducible in the laboratory under correspondingly rare aerodynamic conditions; the
existence of a certain geometric relationship between the front curvature and the
depth of australites, which is the same relationship as that produced by aerodynamic
ablation; the presence of curious zigzag striae patterns in portions of australite
flanges, which are also present in the corresponding portion of flanges, produced
by aerodynamic heating; the existence of a very thin layer -- as thin as the fusion
crust on meteorites -- of systematically distorted glass striae, which are repro-
ducible in the laboratory and are describable through precisely the same mathe-
matical functions required by the theory of aerodynamic ablation; and the existence
of a unique character of the external shapes of australites, almost all of which,
when oriented in the particular manner demanded by the pattern of ring waves and
flow lines on the front face, represent configurations of static and dynamic
stability during a descending entry into the atmosphere. These circumstances
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leave no doubt that the australites have been sculptured by aerodynamic heating

of rigid tektite glass during the process of a hypervelocity descending entry into
the earth's atmosphere. The confirmation through numerous ablation experiments of
the analytical methods for computing the characteristics of ablation of tektite
glass provides a sound basis for determining the entry trajectories of these
tektites; and the principal results of this paper -- that the australite entry
trajectories are uniquely compatible with origin from the moon, and that the
primary australites were formed in a near vacuum -- constitute a strong case
indeed for the lunar origin of tektites.

Ames Research Center
National Aeronautics and Space Administration
Moffett Field, Calif., Sept 18, 1962,
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APPENDIX
ABTATION EQUATIONS AND PHYSICAL PROPERTIES OF TEKTITE GLASS

A complete descriptlion of the analytical methods used to compute the ablation
characteristics of tektite glass would comprise the proportions of a separate
paper. In this appendix, however, a condensed account i1s presented of the prin-
cipal equations solved and of the most important physical properties of tektite
glass.

The three basic conservation equations describing flow of the viscous layer
of fluid glass in the vicinity of a stagnation point are well known. They are
simpler than the full equations of viscous fluid motion inasmich as inertia terms
are negligible compared to shear and pressure gradient terms. In a curvilinear
coordinate system of the boundary-layer type, with independent space variables
(x, y) measured in the directions illustrated in figure 6, and with corresponding
velocity variable (u, v) measured similarly, the conservation equations for the
flowing glass layer are:

Momentum
o) du
._<p_9_=@;9_p x
oy \ 9dy/ dx Ry
Mass
_5_11_+E+§Y_o
ox x Oy
Energy

oT oT ) oT _
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Physical properties of the glass are represented by the density p, viscosity u,
specific heat cp, and thermal conductivity k. Aerodynamic conditions determine
the pressure gradient dp/dx and the body-force term pax/RF: in a laboratory
experiment the "acceleration" a would equal +g (gravitational acceleration) for
an alr stream moving vertically downward, -g for one moving vertically upward,
and zero for one moving horizontally; in an atmosphere entry a would equal the
negative of the deceleration, and would be variable from point to point in the
trajectory. The net flux of radiant energy transported in the y direction is
(see Kourganoff, 1952; and Kadanoff, 1961)
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where n is the index of refraction, « +the absorption coefficient (cm~), o the
Stefan constant (1.369x107%2 cal/cm2 sec ©K*), and ey the maximum emissivity for
uniform temperature (a function of n, as given by Gardon, 1961).

The equations for momentum and mass conservation are readily solved. In the
vicinity of a stagnation point u varies linearly with x, and the momentum
equation can be integrated to yield

él_l__l_l_<n_e@_fyx_dx+Tx fyd“y
= =\b W
ox X R/ J U o
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where 7'y 1s the wall shear stress gradient dTw/dx at the glass-air interface.
Similarly, with ou/dx known, the mass equation can be integrated

Y
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where v, 1s the ablation rate, or velocity of recession, of the stagnation point.
Throughout this paper,
t
Vs = L/ﬁ Vo, a4t

o}
is used to designate the recession distance of the stagnation point.

One of the two mathematical procedures employed to solve the energy equation
utilizes an integral method; designated Method I herein. Integral methods are
commonly used in boundary-layer analyses, and lead to relatively simple computa-
tlons through the artifice of converting the partial differential equation for
T(y, t) into an ordinary differential equation. Details of the procedure are not
given here, as they are similar to those of previous investigations (e.g., Bethe
and M. Adams, 1959, Georgilev, 1959). It will suffice to note that the particular
method employed represents a generalization of the previous methods to include the
effects of internal radiations, of a tempcorally varying emissivity, of body forces,
and of a certain small term in the energy equation which was disregarded in the
original paper of Bethe and Adams. In Method I the momentum and mass equations
are solved analytically by representing the temperature distribution within the
thin liquid layer as an exponential function. For a given aerodynamic input (given
heating rate qo(t), enthalpy hg(t), pressure pg(t)), the machine program com-
putes the extent of ablation yg (cm), the amount of vaporization vy/v_, the
surface temperature T, (OK), the characteristic thickness of liquid layer © (cm),
and several other quantities as a function of time. In order to obtain close
agreement with experiment, M. Adams, Powers, and Georglev (1960) have shown that
even for "opaque" glasses the liguid layer must be treated as fully transparent.
The underlying reason for this is attributed to the extremely high rates of aero-
dynamic heating; they produce such thin liquid layers (3 = 0.003 to 0.005 cm
during peak heating of australites) that only a small fraction of the exiting
radiant energy is absorbed within this thin layer. Calculations for truly opaque
glass yield ablation rates that are higher than experiment.
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The second mathematical procedure employed to solve the energy equation
(designated Method II) utilizes the technique of finite difference calculation.
We are indebted to our colleague, Mr. Fred W. Matting, who assisted with this
method of computation. Details of the finite difference procedure, as applied to
ablation of glasses and other materials, may be found in several papers (Landou,
1950; Lotkin, 1960; Fledderman and Hurwicz, 1960: and E. Adams, 1961). It will
suffice to note here that a forward difference procedure was used in the present
computations, as in these previous investigations. This strictly numerical proce-
dure solves each of the three basic conservation equations by taking small step-
by-step increments in time. The requisite smallness of time increment is determined
empirically by the process of employing successively smaller increments until no
appreciable changes in end results are cbtained. The machine program for Method II
computes the same quantities as for Method I, but requires an order of magnitude
more machine computation time. Both methods provide good results, as shown
elsewhere in this paper.

Various aerodynamic equations common to Methods I and II are employed in the
computations. The principal equations involve the aerodynamic heating rate for
zero vaporization gq,, the heat blockage factor V¥ due to vaporization, the mass
rate of vaporization, the mass rate of vaporization pvy, the pressure py and
heat hy of vaporization, the glass thermal conductivity ky and air enthalpy
hy, at the wall temperature, the stagnation-point enthalpy hg and pressure pg,
the velocity gradient due/dx at the external edge of the boundary layer, and
the shear stress at the wall with vaporization T and without Tyw,. These
equations are listed here for reference.

Wall boundary condition:

ar\

Y = pV h - J.\. —_
Y, Wity W <dy/

Solution to boundary-layer diffusion equation (for Lewis number Le and ratio M
of vapor to air molecular weight):

pvy(hg - hy) _ Y (Le/M)
do [('Da /Dy) - l:l

Sl

Heat blockage factor as determined from various solutions to the boundary-layer
equations:
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Shear reduction factor similarly determined:

Relationship between shear and heat transfer for no vaporization

Tlo(hg - by) _

du e
dx

as

%

Vaporization suppression by oxygen:

Velocity gradient:

e _ Ve V2Pe/ P
f

dx  Rp

In this last equation poo/pS is the ratio of air density upstream of the shock

to that at the stagnation point, and f 1s a factor close to unity which is
determined from experiment in a given arc jet, and, from solutions to the invisciad
external flow equations in hypervelocity flight.

The three aerodynamic constants appearing in the above equations are determined
from various numerical solutions to the boundary layer equations: the value
employed herein for tektite glass are ag = 0.95, as = 0.28, and ag = 1.025. The
exponent m = 1.4 is deduced from the chemical reaction equations for vaporizing
silica (e.g., Hidalgo, 1960).

The above equations are applicable to the continuum gas dynamic regime.
During an entry flight the free molecule regime and then a transitional regime are
encountered before the continuum regime. In the free molecule flow regime there
1s no heat blocking effect by the vaporizing species. The essential equations in
this regime are well known (Hayes and Probstein, 1959) and need not be reproduced
here. Equations for the transitional regime are less well known, the most impor-
tant of which is that for the aerodynamic heating rate. It has been found, from
the experiments of Ferri and Zakkay (1962), that a good analytlcal representation
of the experimental data is

“opytoc

% = 2 >
/ <q°FM> ’ <q°0>
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where doe is the continuum value, qOFM the free-molecule flow value, at any

given Reynolds number. Analogous transition equations have been developed and
used in the computation of tektite trajectories for the other aerodynamic quantities
which enter the analysis.

The most important equation of the entire analysis is that for the rate of
heating at a stagnation point in laminar continuum flow. With Rr in cm, flight
velocity V, in km/sec, alr density p, in gm/cm3 and doe in cal/cm? sec, we
have

Qo0

~ lllo \/p—oo VOOS A5 <l hw\
JRF hs

This equation is established on both analytical solutions of the full boundary-layer
equations (Fay and Riddell, 1957) and on experimental correlations or shock-tube
experiments (Detra, Kemp, and Riddell, 1957); in addition, it has been confirmed

in flight tests (e.g., Yee, Bailey, and Woodward, 1961). Other equations, such as
those pertaining to gas cap radiation, and to the effects on doe of vorticity
interaction and ionization, are of relatively small importance in the entry condi-
tions of australites and are not discussed here. Such factors, though, have been
considered in all of the computations.

The above equation for dog applies only to a body that either 1s not turning
or is turning about an axis parallel to that of the flight path. As previously
noted a small portion of the australites may have been turning slowly prior to
entry into the earth's atmosphere; but, the existence of a slow, pre-entry.turning
of a sphere which would not be opposed by aerodynamic damping forces other than
rotational friction until ablation begins, would not necessarily be discernible
from a study of the final ablated sculpbure. This situation arises because the
aerodynamic forces are strongly stabilized as soon as the ablation Yy, progresses
to a degree, say, ys/RF ~ 0.2 for which the ablated shape becomes highly stable.
If the turning axis happens to be perpendicular to the flight path, any portion of
the surface is exposed during pre-ablation heating to a rate that is, at most,
one-fourth that of the stagnation-point heating rate. During the initial stages
of ablation, as the wobbling tektite settles into a stable position, the wandering
stagnation point exposes the surface to heating rates that finally approach the
full value g, for stable flight. The heating rate expression

¥s \°
0.2R

qg=¢0.25 +0.75 |11 - e

has been used in the present calculations to allow for the influence of pre-entry
turning on the amount of ablation that occurs during entry.

During the atmosphere entry of a tektite, the radius of curvaturc Ry, the
mass m, the drag coefficient Cp, and the frontal area A all vary with the
extent of ablation y4. The appropriate RF(yS) function for the australites, as

b1




illustrated in figure 3, has been used in the entry trajectory computations.
similarly appropriate functions representing the variation in m, Cp, and A also
have been developed and used in the computations.

Indispensable to all the calculations is an adequate knowledge of the various
physical properties which affect ablation. As mentioned earlier, some of the
physical properties of tektite glass depend in an important way on the chemical
composition, especially the silica content. Inasmuch as a full account of measure-
ments conducted to date on these properties would swell this paragraph into a brief
paper, only a typical set of these data, namely, that for the average Port Campbell
australite containing 76-percent silica is listed here (T is in ©K):

Density (chemical balance measurement):

o = 2.40 gm/cm3

Specific heat (from calorimeter measurement):

cp = 0.228 + 0.00006T -é%?_EQ%
T gm “K

Thermal conductivity (from Cps Ps and thermal diffusivity measurement by a
sandwich method):

1 = 0.00405 - Qigi

Viscosity (from rotating cylinder measurement):

27620

n yu =
T - 262

- 9.09 poise
Vapor pressure (mass loss measurements):

:—QZQ—O—-Q
T

In py + 19.1 (py, in atm)

Heat of vaporization (same as silica):
h, = 3050 cal/gm
Opacity (appropriate wave length integration of data of Cohen (1958)):
a =19 cm™t
Index of refraction (Barnes 1939, Baker, 1959):

n = 1.50




Maximum emissivities (Gordon, 1961, for above value of n):
€m = 0.91

It is emphasized that these are the properties for only one composition of
Australian tektite glass. Some of the australites from the same location, namely,
Port Campbell, correspond to p = 2.37, to lower py, and to higher p; while
others correspond to p = 2.44, to higher p,, and to lower p. The appropriate
variation in properties has been used for all computations presented herein.
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AERODYNAMIC ABLATION OF GLYCERIN GLASS

s e

A-29583-2

Figure 2.- Comparison of a wide-flange tektite from Tasmania with a model
of glycerin glass photographed during ablation in a vertical wind tunnel.
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Figure 3.- Congruence between geometric relationships of Australian
tektites and tektite glass models ablated by aerodynamic heating.
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Figure 4.- Comparison of thin section of an australite (Baker 279, Port
Campbell, Victoria) with thin section of a model of tektite glass
(constructed from a rizalite) ablated by aerodynamic heating.
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Figure 5.- Correspondence of details of flange structure.

23



~- -
; |
STRIA DISPLACEMENT d COORDINATES (x, )
Figure 6.- Quantities defining striae displacement. A-29583-6
o]
osr !
\
o7+ \
\
\
06 - | AERODYNAMIC ABLATION
ﬁ\ \ (s=0.3cm)
0O5H q d~e y/.0l
! \
\
d ogl ‘\
cm 2 y AUSTRALITE B279
03} \ \ {s=0.25¢cm)
. ~g Yol
02}
ol
- @
L \ | O~ 0apn \ |

0 O 02 03 04 05 06 O7 .08
DEPTH BELOW PRESENT SURFACE, y,Cm

Figure 7.- Correspondence of d(y) striae“diéplacements.

sk



@
o /
12 /e
E]/ 7o
v/
10 AERODYNAMIC ABLATION @’ 7
d y =0.02 cm J/ Y
os kL & o ~
' 7 7 AUSTRALITE B279
cm 2 7 y=y, (ERODED Ay)
.06 N
/ 9
/8 o
o4l L Jreo
~
o2 A3
-‘, | | | | 1 | | J
0 | 2 3 4 5 6 1 8

DISTANCE FROM STAGNATION POINT, Xx,cm

Figure 8.- Correspondence of d(x) striae displacement.

Figure 9.- Reconstruction of australite co25.
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Figure 10.- Forms produced by break-up of glass jet under conditions of negligible aerodynamic

forces.
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Figure 13.- Comparison of calculated and measured brightness temperature
during aerodynamic ablation.
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Figure 14.- Calculated and measured ablation rates for natural and
synthetic tektite glass.
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4 NO RING WAVES ON MODEL
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Figure 18.- Dependence of ring-wave diameter on pressure.
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Figure 19.- Variation of temperature, velocity, total ablation, and
vaporized ablation during entry of australite into the earth's
atmosphere; V; = 11.2 km/sec, Y; ® 20°.
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Figure 20.- Lines of constant amount of ablation, and constant stagnation
pressure prior to termination of ablation, for entry of australite
sphere of l-cm radius into earth's atmosphere.
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Figure 21.- Tllustration of inverse variation of liquid layer thickness
with heating rate. 63
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(a) Australites from Port Campbell, Victoria.
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(b) Other australites and javanites.

Figure 22.- Domzins for atmosphere entry of tektites.
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Figure 23.- Test of terrestrial origin hypothesis.
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Figure 24.- Test of hypothesis of extraterrestrial origin. 65
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Figure 25.- Abundance of elements in stars and meteorites.
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Figure 26.- Abundance of elements in sun, earth crust, and tektites.
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